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INTRODUCTION 
Plant groAvth and productivity is adversely affected by nature's wrath in the 
form of variotjs abiotic stresses. Plants are frequently exposed to a plethora of stress 
conditions such as low temperature, salt, drought, flooding, heat, oxidative stress and 
heavy metal toxicity. In recent decades, heavy metal pollutants are increasingly 
enhanced in the environment with the advent of new development of industrial and 
agricultural activity. 
Copper is an essential micronutrient for plants, which is a key component of 
several electron transport enzymes involved in catalyzing the redox reactions in 
mitochondria and chloroplasts. However, the higher content of copper in plant tissues 
generates toxicity leading to the inhibition of growth of cell and tissues (Brun et al, 
2003; Ke et al, 2007). The excess Cu also inhibits net photosynthetic rate, electron 
transport (Yurela et al, 1992) as well as the activities of enzymes involved in the 
Calvin-Benson cycle or the net assimilation of CO2 (Burzynski and Zurek, 2007). In 
addition, Cu indirectly alters the photosynthetic activity by destabilizing the 
photosynthetic apparatus and the structure of chloroplasts (Bemal et al, 2006), or by 
changing the lipid composition of the thylakoid membrane (Szalontai et al, 1999). 
An important property of copper toxicity is the generation of oxidative stress. 
Excessive copper can catalyze the generation of harmful reactive oxygen species 
(ROS) such as superoxide anion (Of"), hydrogen peroxide (H2O2), and hydroxyl 
radical (OH), which can damage biological molecules (DNA, RNA, proteins) and 
membranes by inducing lipid peroxidation (Mediouni et al, 2006). 
The exogenous application of plant hormones has been found to counter toxic 
effects of various abiotic stresses. Brassinosteroids (BRs) represent a new sixth class of 
plant hormones with wide occurrence in the plant kingdom in addition to auxins, 
gibberellins, cytokinins, abscisic acid and ethylene (Cao et al, 2005; Bishop et ai, 
2006). BRs are a novel group of phytohormones, structurally similar to animal steroid 
hormones and are distributed throughout the plant kingdom (Rao et ai, 2002; Bhardwaj 
et al., 2006). They are hydroxylated derivatives of cholestane and their structural 
variations depend upon the substitution patterns on C-17 side chain as well as on rings. 
These compounds have been classified as C27, C28 and C29 BRs, depending on the 
length of the side chain (Bajguz and Tretyon, 2003). There are three natural BRs 
[Brassinolide (BL), 24-epibrassinolide (EBL), and 28-homobrassinolide (HBL)] known 
to have an economic impact on plant metabolism, growth and productivity, and 
experience high stability under field conditions (Khripach et al., 2000). 
BRs are considered as hormones with pleiotropic effects, as they influence 
varied developmental processes like growth, germination of seeds, rhizogenesis, 
flowering and senescence and evoke a wide range of physiological responses in plants, 
including stem elongation, pollen tube growth, leaf bending and epinasty, xylem 
differentiation, induce synthesis of ethylene and activation of proton pump (Sasse, 
2003; Yu, 2004). In addition to its unique growth promoting activity, it also confer 
tolerance to the plants against various abiotic stress factors like water stress (Fariduddin 
et ai, 2004 and 2009a), salinity stress (Houimli et al., 2010), high temperature (Hayat 
et al., 2010), heavy metals stress such as Cd (Hayat et al., 2007; Hasan et al., 2008), Al 
(Ali et al., 2008a), Cu (Fariduddin et al., 2009b), Cr (Sharma et al., 2011), and Ni 
(YusufeM/., 2011). 
In order to adapt adverse environments, plants have developed some strategic 
mechanisms that involve the accumulation of compatible solutes that are non-toxic at 
higher concentrations (Ashraf and Foolad, 2007). Compatible solutes are defined as 
water-soluble organic compounds of low molecular weight (termed also as 
osmoprotectants). One of the most-studied compatible solutes is 'glycine betaine' (N, 
N, N-trimethylglycine) commonly abbreviated as GB (Chen and Murata, 2008). It is 
regarded as one of the most effective osmoprotectants owing to its many special 
advantages besides its efficiency as a compatible solute (Chen and Murata, 2002). It is 
dipolar but electrically neutral at physiological pH (Rhodes and Hanson, 1993). It is 
found in bacteria, haemophilic archaebacteria, marine invertebrates, mammals and 
plants (Takabe et al, 2006; Chen and Murata, 2008). 
Synthesis of GB is triggered in response to abiotic stresses (Allard et al, 1998; 
Nomura et al., 1995). High accumulation of GB is generally correlated with the extent 
of increased tolerance by plants (Rhodes and Hanson, 1993). Exogenous application of 
GB is easier and novel shot-gun approach to enhance the level of GB in low-
accumulating or non-accumulating plants under stress or non-stress conditions 
(Hayashi et al, 1998; Makela et al, 1999). Therefore, exogenous application of GB is 
being successfully employed to improve the tolerance of plants exposed to various 
types of abiotic stresses like drought, salinity, extreme temperatures and heavy metals 
(Yang and Lu, 2005; Raza et al, 2006; Ma et al, 2007; Hussain et al, 2008; Nawaz 
and Ashraf, 2007; Islam et al, 2009a and b; Ashraf and Foolad, 2007). 
GB effectively stabilizes the quaternary structures of enzymes and complex 
proteins and protects various components of the photosynthetic machinery like 
oxygen evolving photosystem and enzymes such as ribulose-1, 5-biphosphate 
carboxylase/oxygenase (Rubisco) and maintains the highly ordered state of membranes 
at extreme temperatures and high salt concentrations (Papageorgiou and Miirata, 1995). 
However, the mechanism underlying the GB-induced improvement in the heavy metal 
tolerance of plants remains unclear. 
Keeping in mind the ameliorative role of 24-epibrassinolide (EBL) and glycine 
betaine (GB) in various stresses the present piece of work was designed with an aim to 
evaluate the changes in various physiological and biochemical characteristics under the 
influence of EBL and GB in Brassica juncea (mustard) exposed to copper and to 
establish a relationship between the changes in antioxidative system and the degree of 
resistance in plants. 
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REVIEW OF LITERATURE 
COPPER 
Heavy metal contamination is now becoming a widespread problem that raises 
concern fm- envircMmient as well as fin- public health in many areas of the wmid. 
Copper is a ubiquitous pollutant in the aivinnimait due to tfie emis^on and depositimi 
of meial dust released by anthropogenic activities (Zengin and Kiibag, 2007). fai 
additiiMi, soils may a»itain elevated levels of Cu because of its wide^xread use as a 
pesticide, land supplication of sews^e siu(^ng as well as mining and smelting activities 
(Alaousi-Sosse et cd., 2004). As a result, relatively hig|i levels of Cu concentration have 
been reported in roots, stons, leaves, fiuits, and seeds which increase with exogenous 
increase in the Cu level (Pinochet et al., 1999; Xiong and Wang, 2005). This si^ests 
that growing v^etables on &rmlands contaminated by heavy m^als will fiuther 
aggravate lisks for human health. 
Oipper is an essoitial micronutrioit required for nmmal plant grawdi and 
development however, excess Cu generates toxicity to the plants which may lead to 
stunted growth or evoi deadi (Fonandes and Henriques, 1991). Thus, at whole plant 
levd high c(»centEad(Mi of Cu can be extranely tone causing symptmns such as 
dikxosis and neooras, stunting of growdi, leaf discokxation and inhibitioo of root 
growth (Vffli Assdie aid Clijstors, 1990; Marsdmer, 199S). The presoice of high 
concentration of ccqiper in tiie soil decreased the growth characteristics; deceased root 
loigth, shoot lengdi and leaf area in vdieat (Mousiakas et aL, 1997) and Brassica 
pefdnensis (Xiong et aL, 2006X deoeased fiesfa mass and diy mass in cucumber 
(Burzynski and Klobus, 2004). Brassica pekinemis (Xiong et al.. 2006) and Rumex 
japonicus (Ke et al, 2007). Moreover, Manivasagaperumal et al. (2011) reported that 
higher concentrations (100-250 mg kg"') of Cu decreased the growth, dry matter 
production and nutrient content in Vigna radiata. The excess copper reduced the cell 
division, protein synthesis and photosynthesis which contribute to the retardation of 
normal growth (Kupper et al, 1996; Sonmez et al, 2006). 
Chlorophyll content is often measured in plants in order to assess the impact of 
environmental stress, as changes in pigment content are linked to visual symptoms of 
stress (Parekh, 1990). Chlorophyll content decreased in plants exposed to copper 
through soil in Phaseolus vulgaris (Zengin and Munzuroglu, 2005), Brassica 
pekinensis (Xiong et al., 2006) and Brassica juncea (Fariduddin et al, 2009b). 
Moreover, a high level of copper decreased chlorophyll content and also induced 
alterations in structure of chloroplast and composition of thylakoid membrane in the 
leaves of Triticum durum (Ciscato et al, 1997), Triticum aestivum (Patsikka et al, 
1998). In particular, elevated level of Cu led to altered stacking of grana and stroma 
lamellae, increase in the number and size of plastoglobuli and also led to appearance of 
intrathylakoidal inclusions (Lindon and Henriques, 1993; Quartacci et al, 2000). 
Copper can also substitute for Mg in the chlorophyll molecule present in both antenna 
complexes and photosynthetic reaction centers (Kupper et al, 1996). In addition, 
excessive Cu induces leaf chlorosis which is due to peroxidative breakdown of 
pigments and membrane lipids and in reduction of pigment contents (Shainberg et al, 
2001; Liu era/., 2004). 
Photosynthesis is one of the most important processes affected by elevated level 
of Cu in the soil. The inhibitory effect of Cu on photosynthetic electron transport has 
previously been reported in cyanobacteria, green algae and higher plants. The presence 
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of copper above the threshold limit decreased photosynthesis, stomatal conductance 
and internal CO2 concentration in cucumber (Burzynski and Klobus, 2004), 
photosynthetic activity in rice (Lidon and Henriques, 1991), and the maximum 
quantum yield of PS II in bean plant (Maksymiec and Baszynski, 1999). Extensive in 
vitro studies have also shown that photosystem II (PSII) is more susceptible to copper 
toxicity (Droppa and Horvath, 1990; Baron et al, 1995) than photosystem I (PSI) 
(Ouzounidou et al, 1997). The most apparent effect of copper toxicity on PSII is the 
inhibition of oxygen evolution accompanied by quenching of variable fluorescence 
(Samson et al, 1988; Mohanty et al, 1989). However, the precise location of the Cu 
(Il)-binding site on PSII and the underlying mechanisms of copper inhibition are still 
the subject of debate. Both the acceptor and donor side have been proposed as copper-
inhibitory sites (Yruela, 2005). 
Copper, although being an essential element, can catalyze the formation of 
hydroxyl radicals (OH') from the non-enzymatic chemical reaction between superoxide 
(02") and (H2O2) (Haber-Weiss reaction) (Halliwell and Gutteridge, 1984). Hence, the 
presence of excess Cu can cause oxidative stress in plants and subsequently increases 
the antioxidant responses due to increased production of highly toxic oxygen free 
radicals. Accordingly, it was observed that excess Cu in plants led to oxidative stress 
inducing changes in the activity and content of some components of the antioxidative 
pathways (i.e., ascorbate peroxidase (APX), monodehydroascorbate reductase 
(MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), 
superoxide dismutase (SOD) (Luna et al, 1994; Stohs and Bagchi, 1995; Gupta et al, 
1999; Drazkiewicz et al, 2003; Wang et al, 2004). Cu mediated free radical formation 
has also been reported in isolated chloroplasts (Scandmann and Boger, 1980), in intact 
roots and leaves (De Vos et al, 1993; Weckx and Clijsters, 1996), and in detached 
leaves (Luna et al., 1994). Free radical-induced lipid peroxidation is considered to be an 
important mechanism of leaf senescence (Dhindsa et al., 1981; Strother, 1988). It 
appears that Cu-induced leaf senescence could be associated with lipid peroxidation. 
Proline accumulation accepted as an indicator of environmental stress is also 
considered to have important protective roles. Proline accumulates heavily in several 
plants under stress and may be involved tolerance mechanism for dealing with Cu 
stress (Wu, 1998). Proline accumulation in plant tissues has been suggested to result 
from (a) a decrease in proline degradation, (b) an increase in proline biosynthesis, (c) a 
decrease in protein synthesis or proline utilization, and (d) hydrolysis of proteins 
(Charest and Phan, 1990), providing the plant protection against damage by ROS (Kaul 
et al., 2008). A significant increase in the proline content was observed in the leaves of 
Phaseolus vulgaris (Zengin and Munzuroglu, 2005) and sunflower (Zengin and Kirbag, 
2007), and the detached leaves of rice (Chen et al., 2001), on exposure to copper stress. 
Singh et al. (2010) reported that hyperaccumulaion of proline improved tolerance to 
copper in chickpea (Cicer arietinum). Previous studies reported that the accumulation 
of proline can also be detected in some algal cells with high concentrations of copper 
CWuetal., 1995). 
BRASSINOSTEROIDS 
Brassinosteroids (BRs) are a new group of plant growth substances with 
significant growth promoting activity. In addition, BRs also confer resistance to crop 
plants against environmental stresses such as water stress (wheat, chickpea, maize), 
salinity stress (mungbean, rice, eucalyptus), low temperature stress (tomato, cucumber, 
rice), high temperature stress (bromegrass, wheat) and heavy metal stress (barley, 
sugarbeet) (Vardhini et al., 2006). The ability of BRs to confer resistance to plants 
against abiotic stresses has been their added advantage for usage in agriculture for 
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improving crop productivity. Kumaro and Takatsuto (1999) stated that "the role of BRs 
in protecting plants against environmental stresses" will be an important research theme 
for clarifying the mode of action of BRs in agricultural production". The blending of 
two traits (growth promotion and stress tolerance) as imparted by BRs could have great 
economic bearing in future agriculture for enhancing crop production under changing 
environment. The studies concerning the effect of BRs on the performance of plants 
under stress conditions are summarized. 
BRs have been reported to control various developmental functions such as 
promotion of cell division, cell elongation, photomorphogenesis and seed germination 
(Mussig et al, 2003). Exogenous application of BRs activated the germination process 
in wheat (Sairam et al, 1996), tobacco (Leubner-Metzger, 2001), Brassica juncea 
(Sharma and Bhardwaj, 2007a), Raphanus sativus (Anuradha and Rao, 2007) and 
Cucumis sativus (Wang et al.. 2011). The low concentration of HBL (10''" or 10"^  M) 
increased the per cent germination in clover, broom-rape and Cicer ahentum seeds 
when pre soaking treatment was given (Takeuchi et al, 1995; Ali et al, 2005). The 
soaking of the seeds of chickpea in HBL and /or potassium also enhanced the process 
of germination, where combined treatment was more effective (Ali et al, 2005). 
Application of EBL and HBL also played an effective role in increasing the per cent 
germination and seedling growth o{ Eucalyptus cumaldulensis (Sasse et al, 1995) and 
groundnut under saline conditions (Vardhini and Rao, 1997) and of sorghum under 
osmotic stress (Vardhini and Rao, 2003). Moreover, BRs were found to reverse the 
inhibitory effect of ABA on germination and seedling growth in BR-deficient 
biosynthesis mutant det2-l of Arabidopsis (Steber and Mc Court, 2001). 
The application of brassinolide improved the fresh and dry mass of plants in 
Brassica juncea under Cu stress (Sharma and Bhardwaj, 2007a and b). Anuradha and 
Rao (2007) indicated that EBL and HBL treatment to Raphamts sativum alleviated tiie 
toxic effect of Cd and increased the seedling growth. HBL applied to the foliage 
increased fresh and dry mass of mustard (Hayat et ai, 2000 and 2001a) and soaking of 
seeds in EBL caused an increase in shoot and root growth at seedling stage as well as at 
maturity stage in Pisum sativum (Shahid et al, 2011). Moreover, the growth promoting 
properties of BRs have been ascertained by using BRs biosynthetic mutants and BRs 
insensitive mutants of Arabidopsis thaliana, Pisum sativum and tomato (Nomura et al, 
1997; Szekeres et al, 1999; Koka et al, 2000). All these mutants showed reduced 
growth which was successfully reversed by the exogenous application of BRs. BRs also 
influenced the cell division and consequently leaf size, leaf anatomy and stomatal 
frequency (Arteca and Arteca, 2001; Schluter et al, 2002). 
Among the processes limiting plant growth and productivity, the most 
significant one is photosynthesis. Many reports have shown that photosynthetic 
efficiency of many plants is enhanced by BRs. The foliar application of BRs enhanced 
the light saturated net CO2 assimilation rate and carboxylation rate of rubisco, thereby 
increasing the capacity of CO2 assimilation in the Calvin cycle (Bajguz and Hayat, 
2009; Xia et al, 2009). Aqueous solution of HBL, applied to the foliage of mustard 
(Hayat et al, 2000) and wheat (Hayat et al, 2001b) or a pre-soaking treatment to 
mungbean (Fariduddin et al, 2003) enhanced the net photosynthetic rate. Likewise, 
foliar spray of EBL/ HBL to tomato improved photosynthetic machinery under Cd 
stress (Hasan et al, 2011). 
BRs increased the chlorophyll content in rice (Anuradha and Rao, 2003), Cicer 
arientum (Ali et al, 2007), Brassica juncea (Ali et al, 2008b) and tomato (Hasan et al, 
2011). The total chlorophyll content or its fraction increased in the leaves of Vigna 
radiata (Bhatia and Kaur, 1997) and wheat (Yusuf et al, 2011) by HBL and in 
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Cuciimis sativiis (Yu et al, 2004), Capsicum anmiim (Houimli et al., 2010) by EBL. 
applied directly to their foliage. However, pre-soaking treatment of BRs also increased 
the chlorophyll contents in leave of wheat (Kulaeva et al., 1991), mungbean 
(Fariduddin et al., 2003) and mustard (Fariduddin et al., 2009b). 
CA is the second most abundant soluble protein other than Rubisco in Ca-plants 
(Okabe et al., 1984) and the activity of CA is also affected by BRs in the plants 
growing under abiotic stresses. For instance, application of HBL increased the activity 
of CA in mustard under Cu stress (Fariduddin et al., 2009b), Lycopersicon esculentum 
under Cd stress (Hayat et al, 2010) and mungbean under Al stress (Ali et al, 2008a). 
The process of reduction of nitrate is catalyzed by the enzyme nitrate reductase (NR), 
the level of which increased in the plants oi Lens culinaris (Hayat and Ahmad, 2003), 
Vigna radiata (Fariduddin et al, 2004; Ali et al, 2008a), tomato (Hayat et al, 2010) 
and wheat (Yusuf e/ al, 2011) by the application of BRs. 
The increase in lipid peroxidation (TEARS) is precise indicator of general 
oxidative damage. TEARS formation is induced by oxidative degradation of 
polyunsaturated fatty acid, in particular linolenic acid, since most of the linolenic acid 
in leaves is localized in the thylakoid glycolipids. TEARS formation in leaves is a good 
indicator for peroxidative damage to chloroplast membrane structure / stability under 
stress conditions (Hamada, 1986). Brassicajuncea treated with EBL under salinity and 
nickel stress exhibited decreased peroxidation of membrane lipids (Ali et al, 2008b). 
Proline is a vital osmolyte that play a significant role in osmotic adjustment (Li 
et al, 2010), membrane stabilizer (Eandurska, 2001) and ROS scavenger (Matysik et 
al, 2002), and its accumulation increases under environmental stresses (Heidari, 2010). 
BRs increased proline level in rice under chilling stress (Wang and Zhang, 1993), 
sorghum under osmotic stress (Vardhini and Rao, 2003), Capsicum annuum and Pisum 
11 
sativum under salinity (Hoiiimli et al. 2010; Shaiiid et a!., 2011), Drassicci jimcua 
under cadmium (Hayat et al., 2007) and copper stress (Fariduddin et al., 2009b). 
Several studies showed that exogenous application of BRs modified antioxidant 
enzyme activity in stressed maize, tomato, mustard, radish and wheat plants (Bhardwaj 
et al., 2007; Yin et al., 2008; Behnamnia et al., 2009; Sharma et al., 2010 and Sirhindi 
et al., 2011). Zhang et al. (2008) reported that treatment with EBL in Glycine max 
increased the activity of some antioxidative enzymes causing mitigation of oxidative 
stress. HBL also ameliorated the Cd toxicity in Brassicajuncea plants by increasing the 
activities of peroxidases, catalase and superoxide dismutase (Hayat et al, 2007). 
Similarly, the activities of all the antioxidant enzymes except guaiacol peroxidase, 
increased significantly when subjected to Cr stress in combination with HBL (Sharma 
e/o/., 2011). 
High concentrations of all metals, including those essential for growth and 
metabolism, exert toxic effects on the metabolic pathways of plants. Toxicity 
mechanisms include the blocking of functional groups of important molecules, e.g. 
, enzymes, polynucleotides, transport systems for essential nutrients and ions, 
displacement and/or substitution of essential ions from cellular sites, denaturation and 
inactivation of enzymes and disruption of cell and organellar membrane integrity. In 
addition, metals are also pointed to exert toxic effects through free radical formation 
and the phenomenon found to be least explored (Smirnoff, 1995). Heavy metal toxicity 
can trigger a variety of adaptive responses in plants. A ubiquitous mechanism for heavy 
metal detoxification is the chelation of the metal ion by a ligand. Such ligands include 
organic acids, amino acids, peptides and polypeptides. Peptide ligands include the 
phytochelatins (PC), small gene-encoded, cysteine-rich polypeptides. These heavy 
metal-binding peptides are derived from glutathione and have the general structure 
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(g-Glu-Cys)n-Gly, where n has been reported as being as high as 11, but is generally in 
the range of 2-5. PC detoxifies intracellular metals by binding them through thiolate 
coordination (Cobbett and Goldsbrough, 2002). BRs stimulated the synthesis of PC in 
Chlorella vulgaris cells treated with lead. The stimulatory activity of BRs on PC 
synthesis may be sequenced as: brassinolide (BL) > 24-epiBL > 28-homo-BL > 
castasterone (CS) > 24-epiCS > 28-homoCS (Bajguz, 2003). The cultures of Chlorella 
vulgaris treated with BRs accumulated a lower level of heavy metals than those 
cultures treated with metals alone. The comparatively inhibitory effect of BRs in 
association with different heavy metals on their accumulation in Chlorella vulgaris is in 
the following order: zinc > cadmium > lead > copper. Application of BRs to Chlorella 
vulgaris cultures reduced the impact of heavy metals stress prevented loss in 
chlorophyll, sugar and protein content and increased PC synthesis. Concentration-
dependent stimulation was observed with increasing concentration of BR and 
decreasing concentration of heavy metals (Bajguz, 2000). BRs also reduced the content 
of cadmium in the seedlings of winter rape (Janeczko et al, 2005) and copper in Indian 
mustard (Sharma and Bhardwaj, 2007a and b). BRs eliminated the toxic effect of 
cadmium on photochemical pathways in rape cotyledons, mainly by diminishing the 
damage in reaction centers and O2 evolving complexes as well as maintaining efficient 
photosynthetic electron transport (Janeczko et al, 2005). 
BRs have also been known to affect quantitatively plant morphogenesis; this 
leads to the enhancement in number of growth productive lateral shoots and branches 
and thereby lead to the enhancement of the number of spikes, pods etc. (Sakurai et al 
1999). Vardhini and Rao (2001) reported that HBL applied exogenously increased the 
yield in tomato and pod number and seed yield per plant in wheat (Hayat et al, 2001). 
An increase in nodule number, their blomass due to BRs was noted in Cicer arietinum 
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(AH et al, 2007). EBL application increased nodule number, nodule fresh / dry matter 
in Pisum sativum (Shahid et al., 2011). Seed attributes like seed yield, seed number and 
seed protein contents also showed the'improvement in response to EBL at the time of 
harvest (Shahid et al., 2011). Eleiwa (2011) reported that foliar application of HBL 
increased yield and components of yield (number of kernals/ spike, weight of 1000 
grains, straw, grain yield and biological yield) in wheat. 
GLYCINE BETAINE 
Glycine betaine (GB), a compatible quaternary amine accumulates in certain 
plants in response to high salinity, cold, drought and heavy metal. It is likely that GB is 
involved in the protection of macrocomponents of plant cells, such as protein 
complexes and membranes, under stress conditions (Chen and Murata, 2011). 
Two biosynthetic pathways generally lead to the generation of GB 
(Chen and Murata, 2002). In the majority of biological systems, including most 
animals, plants and microorganisms, GB is synthesized from choline by a two-step 
oxidation reaction: choline is oxidized to betaine aldehyde, which is further oxidized to 
yield GB (Fig. 1). The first oxidation is catalysed by choline monooxygenase (CMO) in 
plants and by choline dehydrogenase (CDH) in animals and bacteria, and the second 
oxidation is catalysed by NAD" -^dependent betaine aldehyde dehydrogenase (BADH) 
(Chen and Murata, 2002; Takabe et al., 2006). In contrast to these two pathways 
involving two enzymes, the biosynthesis of GB in certain soil bacterium like 
Arthrobacter sp. is catalysed by a single flavoenzyme, choline oxidase (COD) (Chen 
and Murata, 2002). 
It is known to accumulate in a variety of plant species including sugarbeet {Beta 
vulgaris), spinach {Spinacia oleracea), barley (Hordeum vulgare), wheat (Triticum 
aestivum) and sorghum {Sorghum bicolor) in response to environmental stresses such 
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Fig. 1. Pathways leading to the biosynthesis of GB. Choline is oxidized to GB by 
two enzymes in plants and E. coli and by one enzyme in Arthrobacter globiformis. 
Abbreviations: BADH, betaine aldehyde dehydrogenase; CDH, choline 
dehydrogenase; CMO, choline monooxygenase; COD, choline oxidase; Fd (red) and 
Fd (ox), reduced and oxidized forms of ferredoxin, respectively. 
as drought, salinity, extreme temperatures, UV-radiation and heavy metals. (Mc Cue 
and Hanson, 1990; Rhodes and Hanson, 1993; Yang et ai, 2003). However, some plant 
species such as rice (Oryza sativa), mustard (Brassica spp.), Arabidopsis {Arabidopsis 
thaliana), and tobacco {Nicotiana tabacum) naturally do not produce GB under non-
stress or stress conditions (Rhodes and Haqson., 1993; Yancey, 1994; Subbarao et ai, 
2001). In transgenic plants with over production of GB-synthesizing genes exhibited 
higher production of GB and provided tolerance to salt, cold, drought or high 
temperature stress (Rhodes and Hanson, 1993). The accumulated GB in these species, 
however, was much lower than what is naturally found in GB-accumulating plant 
species under stress conditions (Rhodes and Hanson, 1993). The limitation in 
production of GB in high quantities in transgenic plants is reportedly due to either low 
availability of choline as substrate or reduced transport of choline into the chloroplast 
where GB is naturally synthesized (Nuccio et ai, 1998; Huang et ai, 2000). Thus, 
when engineering of plants for over-production of osmolytes such as GB, other factors 
such as substrate availability and metabolic flux should also be considered. However, 
an alternative and may be quicker approach for increasing stress tolerance through 
manipulation of osmolytes is exogenous application of such compounds. 
Exogenously applied GB is readily taken up by plant cells, but little is known 
about the transport of GB in plant cells. It is likely that transporters of GB are located in 
the plasma membrane, but no GB-specific transporter has yet been reported. The 
transport of GB from the cytosol to various subcellular compartments is also poorly 
understood. In spinach, for example, the majority of GB that accumulates in response to 
salt stress is found in the chloroplasts, and the concentrations of GB in chloroplasts 
isolated from control and salt-stressed spinach plants were 0.7 and 6.6 mmol mg"' 
chlorophyll, respectively (Robinson and Jones, 1986).The concentration gradient that 
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exists across the chloroplast envelope suggests the existence of a specific transport 
mechanism. Although little is known about the transport of compatible solutes in plant 
cells. 
There is no clear evidence for the compartmentalized localization of GB at 
specific sites in plant cells. In spinach, the amount of GB in the chloroplasts is 
estimated to be close to 50% of the total amount of GB in leaves (Robinson and Jones, 
1986) and the cellular localization of the remaining 50% of the GB in leaves is yet to be 
clarified. It is reasonable to assume that the remaining GB could be localized to 
conferring osmotic balance since its presence in vacuoles has been examined. In 
Suaeda maritima, GB was found to have been excluded from the vacuoles in freeze-
substituted leaf cells (Hall et ai, 1978). By contrast, vacuoles isolated from the storage-
root tissues of red beet (Beta vulgaris L.), the vacuolar pool accounted for 26 to 84% of 
the total GB in the tissue (Leigh et ai, 1981). The compartmentalization of GB in plant 
cells should be re-examined by new and relevant methods employed in separation of 
organelles and quantitation of GB. 
The translocation of "''C-labeled GB in barley plants demonstrated that GB is 
translocated, most probably, via the phloem (Ladyman et al, 1980). Heat girdling of 
the leaf sheath prevented the export of [''*C]-GB from leaf blades. It appeared that GB, 
synthesized by mature leaves during exposure of plants to abiotic stress, behaved as an 
inert end-product, which, upon re-watering of plants, was translocated to the expanding 
leaves. Makela et al. (1996a) reached a similar conclusion from the results of 
experiments with tomato plants. In sugar beet {B. vulgaris) plants, dn-betaine applied 
exogenously to old leaves was translocated to young leaves and roots (Yamada et ai, 
2009). When GB was applied to single mature leaves of tomato plants, a large fraction 
of the incorporated GB was translocated to meristem-containing tissues, which 
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included flower buds and shoot apices (Park and Chen, 2006). The varying levels of 
GB in the different plant organs indicated that translocation of GB is active and well 
regulated process. Translocation of GB along with photosynthetic assimilates has also 
been reported, in particular to actively growing and expanding parts of plants, 
indicating that the long-distance transport of GB could be through phloem (Makela et 
al, 1996a). In GB-accumulating transgenic Arabidopsis (Sulpice et ai, 2003) and 
tomato (Park et al, 2007) plants, the highest levels of GB were reported in actively 
growing tissues, such as flowers and shoot apices, indicating that GB is efficiently 
translocated from source to sink tissues via the phloem. 
Exogenous application of GB to leaves or roots has been shown to increase the 
tolerance to various stresses including both natural accumulators and non-accumulators 
(Agboma et al, 1997a, b and c; Makela et al, 1998; Yang and Lu, 2005). This 
approach has got considerable attention from the researchers from last few years and 
significant advances have been made in alleviating the ill effects of environmental 
stresses by exogenously applied GB in different crops such as tomato (Makela et al, 
1998), wheat (Allard et al, 1998) and rice (Rahman et al, 2002). 
A hypothetic scheme has been elucidated to describe the possible roles of GB in 
the protection of plants against abiotic stress (Fig. 2). When the photosynthetic fixation 
of CO2 is depressed under abiotic stress, excess electrons from PSl are converted to 
ROS, which inhibit the repair of photodamaged PSII by inhibiting the synthesis of the 
pre-Dl protein at the translation step. GB might protect the C02-fixing enzymes 
(Rubisco and Rubisco activase) under abiotic stress, thereby further sustaining the 
fixation of CO2, which, in turn, depresses the production of ROS. In addition, GB 
activates the expression of genes for ROS-scavenging enzymes, which degrade ROS 
and decrease the levels of ROS in cells, with resultant alleviation of the effects of the 
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abiotic stress on the photosynthetic machinery. GB might also directly protect the 
translational machinery against abiotic stress and limit the efflux of K^  ions, induced by 
ROS, either by protecting membrane integrity or by a channel-blocking function (Chen 
and Murata, 2011). 
There are various reports demonstrating positive effects of exogenous 
application of GB on plant growth and final crop yield under drought stress in several 
crops including, barley, wheat, soybean, tobacco and common beans (Ashraf and 
Foolad, 2007). Weibing and Rajashekar (2001) reported that GB-treated common bean 
(Phaseolus vulgaris) plants exhibited a slower decrease in leaf water potential during 
drought stress and developed wilting symptoms much later than untreated plants. Ma et 
al. (2007) found that GB application in tobacco enhanced the growth, photosynthesis 
under water deficit mainly by improving water status and increasing PSII activity. 
GB has also been shown to mitigate the adverse effects of salinity stress in 
many species, like tomato (Makela et al, 1998), kidney beans {Phaseolus vulgaris) 
(Lopez et al., 2002); wheat (Raza et al, 2006 and 2007). Exogenous application of GB 
increased the salt-tolerant ability of rice seedlings in terms of water relations, pigment 
stabilization and CO2 assimilation, leading to an improvement in chlorophyll content, 
net photosynthetic rate and growth characteristics (Cha-um et al., 2006). Exogenously 
applied GB improved growth, net photosynthetic rate in salt-stressed plants of maize 
which has been speculated to be associated with the improvements in stomatal 
conductance and efficiency of PSII (Yang and Lu, 2005). 
Exogenous application of GB is also reported to improve the adverse effects of 
low temperatures on growth of different plant species. Weibing and Rajashekar (2001) 
reported that foliar spray of GB on Arabidopsis plants decreased the freezing 
temperature from - 3.1 to - 4.5 C. Similarly, tolerance to low temperatures was 
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improved in two potato ciiltivars by exogenous a^jipiication of GB (Somersalo et a!., 
1996). Exogenous application ofGB induced cold tolerance by almost two-fold within 
72 h of application in unhardened as well as cold-hardened strawberry plants, 
suggesting practical use of GB for field production of strawberries under low 
temperatures (Rajashekar et al, 1999). 
Heavy metals are important environmental pollutants and many of them are 
toxic even at very low concentrations. GB besides functioning as osmoprotectants, 
suppresses the formation of free radicals and reactive oxygen species (ROS) induced by 
the heavy metal stress in plants (Okuma et al., 2000; Sharma and Dietz, 2006 and Xu et 
al., 2009). There are few reports of exogenous application of GB on plants under heavy 
metal stress. Cd stress induces the production of reactive oxygen species (ROS) in 
plant cells (Toppi and Gabbrielli, 1999; Banu et al., 2009; Xu et al., 2009). Excess 
production of ROS is toxic to plants and cause oxidative damage to cellular 
constituents (Noctor and Foyer, 1998; Xu et al., 2009) but plants possess several 
antioxidant defense systems to protect their cells against ROS. Islam et al. (2009a) 
reported that exogenous application of GB significantly restored the membrane 
integrity and increased the activities of ASC-GSH cycle enzymes under Cd stress in 
cultured tobacco Bright Yellow-2 (BY-2) cells. Cd induces the production of ROS, but 
exogenous application of GB suppressed ROS production. ASC and GSH are key 
components of the antioxidant system, scavenging ROS by participating in the 
ascorbate-glutathione (ASC-GSH) cycle and GSH induced by GB contributes to better 
protection against Cd-induced oxidative damage but Cd stress impairs the ASC-GSH 
cycle (Aravind and Prassad, 2005). Recent study indicated that intracellular GB 
contents decreased lipid peroxidation and increased the activity of superoxide 
dismutase (SOD) and catalase (CAT) to mitigate the detrimental effects of Cd stress 
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(Islam el al, 2009b). GB exhibits similar effects on the activity of APX in detoxifying 
the H2O2 generated by Cd stress (Islam et al., 2009b). 
Under normal growth conditions, plants generate ROS continuously via a 
variety of metabolic pathways, but they have evolved a variety of enzymatic and non-
enzymatic antioxidant systems to prevent ROS from reaching toxic levels (Ashraf, 
2009; Miller et al, 2010). However, under stress conditions, the amounts of ROS 
produced in an 'oxidative burst' may exceed the capacity of the ROS-scavenging 
systems, with resultant accumulation of high levels of intracellular ROS. All forms of 
abiotic stress, including high salt, chilling, freezing, drought, and heavy metal stress 
can cause an oxidative burst in plant cells, and the accumulated ROS can cause various 
types of deterioration and even cell death (Ashraf, 2009). Since GB can enhance 
tolerance to abiotic stress^ it seems appropriate to consider the effects of GB on 
antioxidative defence systems, as they are involved in conferring stress tolerance. In 
vitro studies have demonstrated that GB, by itself, does not have antioxidative activity 
(Smirnoff and Cumbes, 1989). Thus, its ROS-scavenging function must be indirect, for 
example, via the induction of the synthesis or activation of ROS-defense systems. 
Hoque et al. (2007) investigated the effects of exogenously applied GB on levels of 
antioxidants and on the activities of enzymes in the ascorbate-glutathione (ASC-GSH) 
cycle (Ishikawa and Shigeoka, 2008) in tobacco suspension-cultured cells exposed to 
salt stress. They demonstrated that salt stress significantly depressed levels of ASC and 
GSH, as well as the activities of enzymes in the ASC-GSH cycle, such as ascorbate 
peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate 
reductase (DHAR) and glutathione reductase (GR). Exogenously applied GB increased 
the activities of all of these enzymes with the exception of MDHAR. However, GB had 
no direct effects on the activities of enzymes in the ASC-GSH cycle under normal 
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conditions, only increasing the activities of such enzymes under salt stress. Thus, the 
GB-enhanced activities of enzymes in the ASC-GSH cycle could have protected 
tobacco cells against salt-induced oxidative stress. 
Some researchers have also reported that GB induced the accumulation of 
osmolytes, such as soluble sugars, free proline (Ma et ai, 2004). Liang et al. (2009) 
reported that, as compared to wild type, transgenic wheat lines accumulated more 
soluble sugars and free proline under salt stress. Similar results have also been reported 
by Moghaieb et al. (2004) who used two halophytic plants. Liang et al. (2009) 
speculated that GB protects some key enzymes that catalyze the synthesis of soluble 
sugars and free proline, but this assumption contradicts the findings of Hou et al. 
(2003) who reported that the free proline content was higher, while the soluble protein 
content was lower after 4 days than after 2 days of salt stress, suggesting that the 
increase in the free proline content could be attributed to the catabolism of proteins. 
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MATERIALS AND METHODS 
Proposed stndy 
To achieve die objectives fiamed in chapter one, an experiment was conducted 
to study the role of 24-epibrassinolide (EBL) and glycine betaine (GB) in Brassica 
juncea L. Czem & Coss var. vanina undo* diffoent OMicaitrations of copper. 
Seed 
The seeds of Brassica Juncea L. Czem & Coss var. vanina were procured from 
National Seed Coqx>ration Ltd. Pusa, New Delhi, India. The unifonn sized seeds woe 
selected and disinfected with 0.01% mocuric chlmide solution for 10 min, followed by 
repeated wadiings with double distilled water (DDW). 
SfNirce of oonm' 
CUSO4. 5H2O was used as the source of Cu. The desired concaitrati<His of Cu 
were prepared by dissolving the requisite amount in DDW. 
HomoHe prqumitkni 
24-^Hbrassinolide (EBL) was obtained ihun Sigma-Aldrich Chemicals Pvt 
Ltd., New Delhi, bidia. The EBL was dissolved in 5 cm^ of ethanol and stock solution 
of lOr^  M was prepared by using DDW. The required concoitratimi (lOr* M) of EBL 
was prepared by the diluti<Mi of stock solution. Tween-20 (0.05%) was added as 
surfactant at the time of application. 
Glydae betanw pnqtaratim 
Glydne betaine (GB) was obtained Snsm Sigma-Aldridi Chonicals Pvt Ltd., 
New Delhi, India. A stock solutirai of 1 M GB was prepared by dissolving requii^ 
quantity of GB in 10 cm^ of DDW in 100 cm' volumetric flask and final volume was 
made up to the mark by using DDW. The desired concentration of GB i.e., 50 mM was 
prepared by the dilution of stock solution. Tween-20 was added as surfactant prior to 
the foliar application. 
Experimental set-up and treatment pattern 
The experiment was conducted during the winter season of year 2010 under 
simple randomized block design. The surface sterilized seeds of Brassica juncea L. 
Czern & Coss var. varuna were sown in earthen pots of 10 inch diameter at the rate of 8 
seeds per pot filled with sandy loam soil and farmyard manure (mixed in the ratio of 
6:1). The plants were allowed to grow under controlled environment conditions; 
25/20 C (day/night), 70% RH (day/night) and 14-h photoperiod. Thinning was done 7 
days after sowing leaving three plants per pot where five pots (replicates) were 
maintained per treatment. Irrigation was done with tap water as required. Cu was given 
in the form of CUSO4 at the rate of different concentrations (50, 100 or 150 mg of Cu 
kg"' soil) 10 days after sowing. EBL (10"^  M) and GB (50 mM) were exogenously 
applied at 28-d stage. 
The pattern of treatment was as follows: 
Set 1. Control 
Set 2. Cu (50 mg kg"' soil) 
Sets. Cu(!00mgkg"'soil) 
Set 4. Cu(150mgkg"'soil) 
Set 5. EBL(10"*M) 
Set 6. Cu (50 mg kg"' soil) + EBL (10"^ M) 
Set 7. Cu (100 mg kg"' soil) + EBL (10"*M) 
Sets. Cu(150mgkg"'soil) + EBL(10"*M) 
Set 9. GB (50 mM) 
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Set 10. Cu (50 mg kg' soil) + GB (50 mM) 
Set 11. Cu (100 mg kg"' soil) + GB (50 mM) 
Set 12. Cu (150 mg kg"' soil) + GB (50 mM) 
The plants were sampled at 45-d stage to study following parameters: 
1. Root and shoot length plant'' 
2. Fresh and dry mass plant" 
3. Leaf area 
4. Chlorophyll content (SPAD level) in leaves 
5. Net photosynthetic rate in leaves 
6. Stomatal conductance in leaves 
7. Intercellular CO2 concentration in leaves 
8. Transpiration rate in leaves 
9. Water use efficiency in leaves 
10. Maximum efficiency of PS II (Fv/Fm) 
11. Carbonic anhydrase activity in leaves 
12. Nitrate reductase activity in leaves 
13. Lipid peroxidation in leaves 
14. H2O2 content in leaves 
15. Catalase activity in leaves 
16. Peroxidase activity in leaves 
17. Superoxide dismutase activity in leave 
18. Proline content in leaves 
19. GB content in leaves 
20. Cu content in leaves 
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The remaining plants were allowed to grow up to maturity and were harvested 
after 65 days to study the following yield characteristics: 
1. Number of pods plant' 
2. Number of seeds pod" 
3. 100 seeds mass 
4. Seed yield plant"' 
Parameters 
The methods executed to assess each parameter are described below: 
Root and shoot length plant' 
One plant from each replicate was removed from the pot and dipped in a bucket 
filled with water to remove the adhering soil particles, ensuring the safety of roots. The 
plants were blotted and the length of roots and shoots were measured in cm scale. 
Fresh and dry mass plant'' 
Fresh mass per plant was determined by weighing the samples with the help of 
electrical balance. The plant samples were kept in an oven run at 60 C for 72 h. After 72 
h, the samples were weighed on electrical balance to ascertain their dry mass. 
Leaf area 
Leaf area of plant was determined by using graph sheet. The leaf area of leaves 
from each treatment was determined by tracing on graph sheet and then by counting the 
number of squares in cm .^ 
Chlorophyll content (SPAD level) 
The chlorophyll content in the fresh leaf samples was determined by using 
chlorophyll meter (SPAD-502) (Konica Minolta Sensing Inc., Japan). 
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Photosynthesis and related attributes 
Net photosynthetic rate (PN), stomatal conductance (gs), intercellular CO2 
concentration (C,), transpiration rate and water use efficiency (WUE) at each selected 
stage, were measured in fully expanded leaves of the plants using portable 
photosynthetic system (LI-COR 6400, LI-COR, Lincoln, NE, USA). The air 
temperature, relative humidity, CO2 concentration and photosynthetic photon flux 
density (PPFD) were maintained at 25°C, 85%, 600 ^mol mof' and 800 i^rnol moP^s"', 
respectively. All the measurements were made between 11:00 to 12:00 hours under 
clear sun light. 
Maximum efficiency of Photosystem II (FV/Fm) 
Maximum efficiency of Photosystem II (Fv/Fm) was measured by using Leaf 
Chamber Fluorometer (LI-COR 6400-40, Portable photosynthetic system, LI-COR, 
Lincoln, NE, USA). All the measurements were carried out at a photon flux density of 
1500 [imol m''^  s"', with a constant airflow rate 500 |amol s"'. The sampled leaves were 
dark adapted for 30 min prior to measurement of Fv/Fm. 
Carbonic anhydrase (CA) activity 
The carbonic anhydrase (CA) activity (E.C.4.2.1.1) in fresh leaf samples was 
measured by the following method described by Dwivedi and Randhawa (1974). 
The fresh leaf samples were cut into small pieces at a temperature below 25°C. 
200 mg of these leaf pieces was weighed and transferred to petri plates. The leaf pieces 
were further cut into fine pieces in 10 cm^ of 0.2 M cystein hydrochloride (Appendix 
1.1) and were left at 4°C for 20 min. The leaf pieces were blotted and transferred to a 
test tube containing 4 cm^ of phosphate buffer of pH 6.8 (Appendix 1.2). To this test 
tube, 4 cm^ of 0.2 M sodium bicarbonate (Appendix 1.3) solution and 0.2 cm^ of 
0.002% bromothymol blue (Appendix 1.4) were added. The test tube was shaken gently 
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and left at 4°C for 20 min. CO2 liberated by the catalytic action of CA on NaHC03 was 
estimated by titrating the reaction mixture against 0.05 N HCl (Appendix 1.5) using 
methyl red as an indicator (Appendix 1.6). The volume of HC! used to develop light 
purple colour persisting for at least five seconds was noted. A blank consisting of all 
the above components of the reaction mixture except the leaf sample was run 
simultaneously with each set of the samples. The activity of enzyme was calculated by 
putting the values in the formula: 
V X 22 X N 
W 
Carbonic anhydrase activity = [mol (CO2) kg" (FM) s" ] 
V = Difference in volume (cm^ of HCl used, in control and test sample titrations) 
22 = Equivalent weight of CO2 
N = Normality of HCl 
W = Fresh mass of tissue used 
Nitrate reductase (NR) activity 
The activity of nitrate reductase (E.C.I.6.6.1) was measured by the following 
method laid down by Jaworski (1971), in fresh leaf samples. 
The leaves were cut into small pieces (1 cm^). 200 mg of these chopped leaves 
was weighed and transferred to plastic vials. To each vial, 2.5 cm^ of phosphate buffer 
(pH 7.5) (Appendix 2.1) and 0.5 cm^ of potassium nitrate solution (Appendix 2.2) were 
added, followed by the addition of 2.5 cm^ of 5% isopropanol (Appendix 2.3). These 
vials were incubated in a BOD incubator for 2 h at 30 ± 2'c in dark. 0.4 cm^ of the 
incubated mixture was taken in a test tube to which 0.3 cm^ each of sulphanilamide 
solution (Appendix 2.4) and N-1-napthyl-ethylenediamine hydrochloride (NED-HCI) 
(Appendix 2.5) were added. The test tubes were left for 20 min, for maximum colour 
development. The mixture was diluted to 5 cm^ by using DDW. The absorbance was 
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read at 540 nm on spectrophotometer (Spectronic-20D, Milton Roy, USA). A blank 
was run simultaneously with each sample. Standard curve was plotted by using known 
graded concentrations of NaN02 (sodium nitrite) solution. The absorbance of each 
sample was compared with that of the calibration curve and NR activity [nmole NO2 g' 
(FM)s''] was calculated. 
Determination of lipid peroxidation 
Lipid peroxidation rate was estimated by measuring the malondilaldehyde 
equivalent according to Hodges et al. (1999). 
0.5 g of leaf was homogenized in a mortar with 80% ethanol (Appendix 3.1). The 
homogenate was centrifuged at 3000 g for 10 min at 4 C. The pellet was extracted 
twice with same solvent. The supematants were pooled and 1 cm of this sample was 
taken in a test tube with an equal volume of the solution comprised of 20% 
trichloroacetic acid (Appendix 3.2), 0.01% butylated hydroxytoluene (Appendix 3.3) 
and 0.65% thiobarbutyric acid (Appendix 3.4). Sample was heated at 95'c for 25 min 
and cooled at room temperature. Absorbance of the sample was recorded at 440, 532 
and 600 nm. Lipid peroxidation rate equivalent was calculated by using the formula 
given by Hodges et al. (1999) and expressed as nmol malondialdehyde cm'. 
1) [(Abs532 + TBA) - (Abs6oo + TBA)] - [(Abs532 - TBA) - (Abseoo - TEA)] = A 
2) [(A440 + TBA)-(A600 +TBA)] X 0.0571 = B 
A - B 
1\ C 3) C -
157X 10^  
4) MDA = C x 3 
X 10* or C = 
A - B 
157 
i rv3 
X 10 
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Determination of H2O2 content 
The H2O2 content was measured by the following method of Jana and 
Chaudhuri(1981). 
H2O2 was extracted by homogenizing 0.5 g plant sample with 3 cm of 50 mM 
phosphate buffer (pH 6.8) (Appendix 4.1). The homogenate was centrifuged at 6,000 g 
for 25 min. 3 cm^ of the above extract was taken and mixed with 1 cm of 0.1% 
titanium chloride in 20% (v/v) H2SO4 (Appendix 4.2) and the mixture was then 
centrifuged at 6000 g for 15 min. The absorbance of the supernatant was measured at 
410 nm by using spectrophotometer. The amount of H2O2 was calculated from the 
standardized H2O2 curve. The H2O2 content was computed on fresh mass basis. 
Estimation of Enzyme Activity 
500 mg of leaf tissue was homogenized in 5 cm^ of 50 mM phosphate buffer 
(pH 7.8) containing 1% polyvinylpyrrolidone. The homogenate was centrifuged at 
15,000 g for 10 min at 5 C and the supernatant obtained was used as an extract for the 
estimation of peroxidase, catalase and superoxide dismutase activity. 
Catalase (CAT) activity 
The activity of catalase was measured by the following method of Chance and 
Maehly(1956). 
The estimation of catalase was carried out by the pennanganate titration 
method. 3 cm^ of 0.1 M phosphate buffer (pH 6.8) (Appendix 5.1), 1 cm^ of 0.1 M 
H2O2 (Appendix 5.2) and 1 cm^ of enzyme extract were mixed and this mixture was 
incubated at 25°C for 1 min. Then 10 cm^ of 2% H2SO4 (Appendix 5.3) was added. The 
mixture was titrated against 0.1 N potassium permanganate (Appendix 5.4) to find the 
residual H2O2 until a purple colour persists for at least 15 s. Similarly, a control set was 
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maintained in which the enzyme activity was stopped by the addition of H2SO4, prior to 
the addition of enzyme extract. 
Peroxidase (POX) activity 
The activity of peroxidase was measured by the following method of Chance 
and Maehly (1956) in fresh leaf samples. 
To 3 cm^ solution of pyrogallol phosphate buffer (Appendix 6.land 6.2), 0.1 
cm-' of enzyme extract and 0.5 cm^ of 1% H2O2 (Appendix 6.3), were mixed in a 
cuvette and a change in absorbance, at 20 s intervals for a period of 3 min was read at 
420 nm on a spectrophotometer (Spectronic-20D, Milton Roy, USA). The control set 
was prepared by all the above reagent except the enzyme extract. 
Superoxide dismutase (SOD) activity 
The activity of superoxide dismutase was measured by the following method 
of Beauchamp and Fridovich (1971) in fresh leaf samples. 
3 cm^ of reaction mixture containing 1 cm^ of 50 mM phosphate buffer (pH 
7.8) (Appendix 7.1), 0.5 cm'' of 13 mM methionine (Appendix 7.2), 0.5 cm^ of 75 mM 
NBT (Appendix 7.3), 0.5 cm^ of 2 mM riboflavin (Appendix 7.4), 0.5 cm"* of 0.1 mM 
EDTA (Appendix 7.5) and 0.1 cm^ of enzyme extract was prepared. Riboflavin was 
added at last. The absorbance of reaction mixture was read at 560 nm on a 
spectrophotometer (Spectronic-20D, Milton Roy, USA). 
Determination of proline content 
The proline content in the fresh leaf samples was measured by the following 
method described by Bates et al. (1973). 
Fresh leaf sample (0.5 g) was homogenized in mortar with 5 cm^ of 3% 
sulphosalicylic acid (Appendix 8.1). The homogenate was filtered through Whatman 
No. 2 filter paper and collected in a test tube with two washings, each with 5 cm^ of 
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sulphosalicyiic acid. 2 cm^ each of glacial acetic acid and acid ninhydrin (Appendix 
8.2) was added to 2 cm^ of the upper extract. This mixture was heated in a boiling 
water bath for 1 h. The reaction was terminated by transferring the test tube to ice-bath. 
4 cm^ of toluene was added to the reaction mixture with vigorous shaking for 20-30 s. 
The chromophore (toluene) layer was aspirated and warmed to room temperature. The 
absorbance of red colour was read at 520 nm against a reagent blank. The amount of 
proline in the sample was calculated by using a standard curve prepared from pure 
proline (range 0.1-36 |imol) and expressed on fresh mass basis of the sample. 
|j.g proline cm'^  x cm'^  toluene 5 
limoles of proline g' tissues = ^ 
115.5 g (sample) 
Where, 115.5 is the molecular mass of proline. 
Determination of glycine betaine content 
The GB content was estimated by adopting the following procedure of Grieve 
and Gratan (1983). 
1.0 g of fresh leaf material was ground in 10 cm^ of DDW and filtered. After 
filtration, 1 cm^ of the extract was mixed with 1 cm^ of 2 N HCl (Appendix 9.1). Then 
0.5 cm'' of this mixture was taken in a test tube and 0.2 cm^ of potassium tri-iodide 
solution was added to it. The contents were shaken and cooled in an ice bath for 90 min 
with occasional shaking. Then 2.0 cm^ of ice cooled DDW and 20 cm^ of 1, 2-
dichloromethane (cooled at -10 C) were added to the mixture. The two layers formed in 
the mixture were mixed by passing a continuous stream of air for 1-2 min. The upper 
aqueous layer was discarded and optical density of the lower organic layer was 
measured at 365 nm by UV-spectrophotometer (Elico, India). The concentrations of the 
GB in the samples were calculated from a standard curve prepared by using pure GB. 
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Determination of copper (Cu) content 
After harvesting, leaves were extensively washed with DDW and then samples 
were dried in an oven run at 60 C for 24 h and ground to powder. The powder was 
digested with H2SO4/ HNO3 / HCIO4 (v/v/v; 1:5: 1) in digestion assembly for 4 h at 
200c. Cu content of the extract was determined with flame atomic absorption 
spectrophotometer (GBC, SensAA, Australia). 
Yield Parameters 
For biological yield, plants were harvested at maturity to assess the following 
parameters: 
Number of pods plant"' 
At harvest (65 DAS), 15 plants (3 from each replicate) representing each 
treatment were randomly sampled and counted for the number of pods per plant. 
Number of seeds pod' 
25 pods from each treatment were randomly selected and counted for the seeds 
per pod. 
100 seeds mass 
100 seeds were subsequently randomly picked per plant and weighed to 
record 100 seed mass. 
Seed yield plant"' 
The pods from each replicate were cleaned, crushed and computed to assess the 
seed yield per plant. 
Statistical analysis 
The experiment was conducted according to simple randomized block design. 
Each treatment was represented by five pots where each pot was considered as a 
replicate. Data was statistically analyzed by analysis of variance (ANOVA) using SPSS 
32 
software version 17 for window (SPSS, Chicago, IL. USA). Least significant difference 
(LSD) was calculated and 'F ' test was applied to assess the significance of the data at 
5% level of probability. 
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RESULTS 
Growtt characteristics 
Growth characteristics (root length, shoot length, fiesh mass, diy mass and leaf 
area of plant) increased significantly by the exogenous a^lkration of EBL (10 M) or 
GB (SO mM) when: EBL nicreased the above parameters by 39.1%, 42%, 29%, 453% 
and 31.6% while GB (50 mM) by 17.4%, 22.7%, 12.4%, 28.1% and 17.5%, over the 
respective cmtrol (Table land 2). HOWCVCT, plants raised from soil fed with dififerent 
concentrations (SO, 1(X) or ISOmg kg') of cc^ i^er significantly reduced all the growth 
diaracteristics. 150 mg kg'' of Cu was found most toxic and reduced the root length 
(44.9%X shoot length (50%X fresh mass (55%), dry mass (70%) and leaf area (49.1%), 
in comparison to the control. Moreover, tiie damage caused by the 50 and 100 mg kg' 
of CM, was conq>letely regained by the follow-up treatment with EBL for all growth 
attributes, i^iile paitially fra- that of the damage goierated by 150 mg kg'. On the other 
hand, GB coaq>letely overcame the loss generated by 50 mg kg' of Cu ami partially for 
that of 100 and ISO mg kg' of Cu. 
Chlorophyil coBt«t (SPAD level) 
Foliar qiplicaticm of EBL (10** M) or GB (50 mM) significantiy increased the 
dUorofrfiyll contoit (SPAD level) and values were 44.4% and 21.1% hi^ier, over their 
respective control (Table 2). Howevo-, the chl<»o(diyll cmtoit (SPAD level) decreased 
with inoeasing concentratimis (SO, 100 OT 150 mg kg'') of Cu in the soil aid the 
maximum ieducti<Mi (30% less from the control) in chlort^yll content was noted in the 
IHesoice of 150 mg kg'. Moreover, inhibitory effect generated by the 50 and 100 mg 
kg' of Cu v/zs completely overcmne by follow-up treatment with EBL, while the GB 
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completely neutralized the toxic effect of lower concentration (50 mg kg" ) of Cii only. 
The ill effect of highest concentration (150 mg kg') of Cu was partially neutralized by 
both EBL and GB. 
Net photosynthetic rate (PN) 
The foliar application of EBL (10'^  M) or GB (50 mM) significantly increased 
the net photosynthetic rate where EBL was found more effective (48.4%) than 50 mM 
GB (22.1%), over the control plants. However, the net photosynthetic rate significantly 
decreased in the plants, raised in the soil fed with different concentrations (50, 100 or 
150 mg kg"') of Cu. 150 mg kg"' of Cu showed maximum damage over the all other 
concentrations and decreased the value of PN by 61.6% in comparison to the control 
(Table 2). In addition to this, the follow-up treatment of Cu-stressed plants with EBL 
(10"* M) completely overcame the ill effect generated by the 50 and 100 mg kg' of Cu 
and partially that of 150 mg kg"'. On the other hand, the follow-up treatment of GB (50 
mM) partially neutralized the toxic effect of 100 and 150 mg kg"' of Cu and completely 
thatofSOmgkg"'. 
Stomatal conductance (g,) 
The conductance of stomata increased significantly by exogenous application of 
EBL (10"* M) or GB (50 mM) and values were 34.6% and 15.4% higher over the 
respective control (Table 3). However, Cu-stressed plant possessed lower value of 
stomatal conductance and the minimum value was found in plants grown in the soil 
amended with the 150 mg kg"' of Cu. Moreover, EBL (10"* M) completely nullified the 
toxic effect of Cu (50 and 100 mg kg"') and partially that of 150 mg kg"'. On the other 
hand, GB (50 mM) completely nullified the toxic effect of 50 mg kg"' of Cu, whereas 
partially that of 100 and 150 mg kg"'. 
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Intercellular CO2 concentration (Ci) 
Plants raised in the soil supplemented with different levels (50, 100 or 150 mg 
kg"') of Cu showed reduction in Ci and a maximum decrease of 53% compared with the 
control was noted in the plants grown in presence of 150 mg kg" of Cu (Table 3). 
However, the foliar application of EBL (10"^  M) or GB (50 mM) increased the 
intercellular CO2 concentration (Ci) where EBL was found more effective (41.5%) than 
GB (19.7%) compared with the control plants. Moreover, follow-up treatment of EBL 
completely overcame the toxic effect of 50 or 100 mg kg"' of Cu and partially that of 
150 mg kg'' whereas, GB proved effective only for the lower concentration 
(50mgkg"')ofCu. 
Transpiration rate (£) 
The plants raised from the soil amended with different concentrations (50, 100 
or 150 mg kg"') of Cu had lower rate of transpiration in comparison to the control 
plants (Table 3). However, the foliar application of EBL (10"* M) or GB (50 mM) 
Q 
improved the rate of transpiration where, EBL (10" M) proved most effective and 
increased the values of E by 30%, over the control. Moreover, EBL completely 
detoxified the toxic effect of 50 and 100 mg kg"' of Cu and partially that of 150 mg 
kg"'. On the other hand, GB (50 mM) completely nullified the toxic effect of 50 mg kg"' 
ofCu. 
Water use efficiency (WUE) 
The foliage of plants sprayed with EBL (10'* M) or GB (50 mM) increased the 
water use efficiency (WUE) by 14.2% and 9.9%, over the respective control (Table 4). 
However, with the increase of Cu concentration WUE decreased but the maximum 
reduction (19.7 % less from the control) was noted in the presence of 150 mg kg"' of 
Cu. Moreover, the follow-up treatment with EBL (10'* M) completely overcame the 
36 
r " « 
< cr w 
TJ ^ "O 
Sj w — 
S i ' -
O > . _ 
''^ - f l 5 
««^ 5 9* 
o « ^ 
c ° -^  
• - ^ V 
R L. h. 
^ y 
4> 73 
R 
•3 « t i 
W) S .S 
I . tC4 ^ 
0 -^ o 
2 c« « 
1 ftN T3 
I -] <M m 
PQ O "^ 
« a 2 
S e *" 
2 S « 
V X ^ 4 « 5 
N S .a 
ti w -g 
< 
w 
"O 
>> 
J= 
s 
« 
'5 
o X) 
a 
c ^ 
s ^ 
E >-* 
u 
s 
41 
1 
• ^ 
0 
-H 
T t 
r^  
( N 
'^ 
0 
-H 
0 0 
( N 
( N 
r l ; 
0 
-H ( N 
00 
I T ) 
r<-i 
0 
-H 
u-i 
(^1 
^ 
_^ 
0 
4^  
^ ( N 
0 
ir> 
0 
-H 
a^. 0 
t ^ 
r o 
0 
-w 
'^ 0 
0 
^ 
0 
-H 
0 
^ 
c<-) 
rr~i 
0 
-« 00 
^ 
.— i n 
0 
-« 
m 
^. 
t N 
m 
0 
+1 
—^ 
'—1 
(N 
ro 
0 
+1 
^ IT ) 
m 
ro 
0 
(N CN ^ 
a 
s 
w 
a 
n 
w 
H 
o 
-H 
o 
as 
o 
o 
o 
-H 
0 0 
o 
>r1 
q 
o 
-H 
O 
o 
O 
o 
-H 
o 
q 
o 
-H 
O 
(N q 
o 
-H 
00 
q 
o 
4^  
(N 
OS 
O 
00 
o 
o 
d 
00 
o — 
q 
d 
+1 (N 
O 
00 
o 
d 
-H 
— ON 
— o 
o o 
d 
-H 
00 
00 
o 
-H 
ON 
o 
d 
-fl 
(N (N 
06 
f s s 
—^ 
c 
0 
u 
/—\ 
'bC 
^ 
E 
0 
3 
u 
-^^  
'tsfi 
00 
0 
0 
• — ' 
3 
u 
•7 
bO 
ao 
S 
0 
3 
u 
,_^  
S 30 
I 
0 
03 
W 
CO 
+ 
/-~\ 
" 0 0 
60 
s 
0 
3 0 
d 2 
+ 
M 
^ 00 
B 
o 
o 
3 
U 
OQ 
+ 
bO 
bO 
o 
3 U 
s 
o in 
CQ 
s 
6 
o in 
CQ 
O 
+ 
bO 
bO 
S 
o 
3 
u 
in 
o 
q 
d jH 
i n 
00 
o q 
d 
0 
i n 
0 0 
r-^  
q 
d 
-H 
m 
t--^ 
0 
d 
-H 
0 0 
t ^ 
( N 
q 
d 
ON 
t-^ 
(^ 1 
0 
d 
-H 
q t--^ 
f N 
0 d 
-H 
0 q 
r-^  
( N 
q d 
-H 
ON 
i n 
NO 
E 
o 
in 
PQ 
a 
+ 
bO 
E 
o 
o 
3 
U 
E 
o 
<n 
CQ 
O 
+ 
00 
bO 
E 
o 
in 
3 
u 
O 
d 
•N? 
in 
-*—» 
Q 
injurious effect of 50 and 100 mg kg"' of Cu and partially that of 150 mg kg' . On the 
other hand, GB did not overcome the toxic effect of Cu irrespective of the 
concentrations of Cu. 
Maximum quantum yield of PSII (Fv/ Fm) 
It is evident from table 4, the maximum quantum yield of PSII (Fv/ Fm) 
decreased significantly in the plants treated with different levels of (50, 100 and 150 
mg kg"') of Cu in the concentration dependent manner. Maximum damage was noted in 
the plants which received 150 mg kg"' of Cu and had 47.1% lower Fv/ Fm, compared 
with the control. Contrary to this, treatment with EBL (10'* M) or GB (50 mM) 
Q 
significantly increased the maximum quantum yield of PSII (Fv/ Fm) where, EBL (10" 
M) proved .better than GB. Moreover, follow-up treatment of EBL completely 
overcame the toxic effect generated by 50 and 100 mg kg"' of Cu whereas, GB (50 
mM) completely neutralized the damage caused by 50 mg kg"' of Cu. The damage 
caused by 150 mg kg"' of Cu was partially neutralized by both EBL and GB. 
Carbonic anhydrase (CA) activity 
The foliar application of EBL (10"* M) or GB (50 mM) significantly increased 
the activity of carbonic anhydrase (CA). However, a sharp decrease was observed as 
the concentration of copper in the soil was increased from 50 to 150 mg kg"' and 
reduced the activity by 12.3%, 24.6% and 39.8% respectively, than the control plants 
(Table 4). Moreover, the follow-up treatment of both EBL or GB completely overcame 
the deleterious effect of 50 and 100 mg kg"' of Cu and partially that of 150 mg kg'. 
Nitrate reductase (NR) activity 
Foliar application of EBL (10"* M) or GB (50 mM) significantly increased the 
activity of NR in non-stressed plants by 65% and 32% respectively, over the control 
(Table 5). However, the activity of NR decreased in the plants grown in the soil 
37 
9> C 
VI . S 
SJ , , 
• ^ v ^ 
= s T 3 Ui i 
« 'on 
2 1 
B S 
, — . ti 
3 "S 
u § 
w 5 
h '-< 
§•33 
" TJ 
-5 " 
"5 ;^ if 
pa CQ 
a H 
4> O 
1 s 
« A •B '—' 
^ 5 
o 
.S ^ 
*y "O 
WD P 
o a 
^ '5, 
00 l i s 
O 
1 
-^^  a* — 
3 61) 
• • ^ fS 
1 5 
2 — « o 
•2 fi 
a. -^^  
4 . ^ 
«*« ••fl 
o u 
** « 
W ,—s 
V5 
en 
H 
^ — V 
u 
O 
u 
T 3 
^ 
« 
•a 
c 
v> 
-H 
en 
-*-* 
« 
_« 
"a 
4> 
** 
a 
•V 
c 
D> 
4> 
*^ 4> 
>> 
o 
s 
C3 
E 
w 
u 
1 . 
a 
a 
-** 
O 
bc 
c 
o 
73 
R 
C3 
C 
S 
R 
> 
u 
a 
> 
a 5*5 
r^ 
O 
ffl 
c 
o 
' •C 
a 
o L> 
"2 
' a . 
^ 
^^ 
05 
N ^ 
en 
5 ^ 
p .> 
I M R 
R 
z 
•^r f 
4> 
R 
k> 
H 
ON 
r-) 
-H 
( N 
^ 
rn 
T T 
rn 
-H 
m T i -
i n 
CN 
ON 
ON 
o 
-H 
m 
o 
• ^ 
c 
o 
U 
o 
-H 
i n 
o 
•rr 
t -~ 
i n 
+1 i n 
O 
O 
m 
m 
ON 
O 
-H ( N 
^ 
m 
/—*« , 
W) 
S 
o 
3 
u 
• ^ 
0 0 
-H 
• ^ 
r j -
T f 
HH 
o 
en 
r<-) 
O 
O 
^ 
-H 
rn 
rn 
m 
^~s 
E 
o 
o 
3 
U 
ON 
o 
jH 
t ^ 
'^ 
^ 
-H i n 
— 
i n 
m 
0 0 
o 
-H ON 
VO 
< N 
/ — N 
•^  
W) 
S 
o 
>n 
3 
o 
i n 
— 
4j^  
^ 
m 
c-~ 
^™ 
-H ON 
ON 
O 
( N 
r<-i 
0 0 
o 
-H 
m 
^ 
^ 
S 
0 0 
o 
OQ 
W 
o 
— 
-H 
>n 
VO 
m 
( N 
ON 
o 
+1 
r<-i 
( N 
r<-i 
CN 
•^ 
O) 
o 
-H 
m 
r<-> 
vo 
O 
^2/ 
m 
+ 
..^ "^  
'oo 
g 
o 
i n 
3 
u 
o ( N 
-H 
—* 
oo 
ro 
VO 
ON 
O 
-H 
^ • ^ 
—_ 
r~-' 
M 
o 
^-
^ 
-H 
>n 
m 
^ 
OO 
1 
o 
*-^  • • - ^ 
+ 
^—N 
"7" 
(=0 
s o 
o 
3 
u 
^ (^ 
-H 
• * 
o 
• * 
—^ 
o 
-H ( N 
• ^ 
O 
m 
o 
^-
^ 
-H 
m ON 
m 
OO 
1 
o 
1—^ 
\ - y 
OQ 
+ 
,-—> 
•7 
0 0 
6 0 
S 
0 
m 
3 
0 
rn 
0 
-H ON 
^ 
rn 
VO 
O N 
0 
-H 
>n 0 
^ 
f N 
0 
ON 
0 
-H 
( N 
m 
>n 
s 
0 
CQ 
0 
NO 
0 0 
-H ( N 
r-~ r«-i 
0 0 
0 
-H ON 
i n 
i n 
(N 
O N 
ON 
0 
HH 
0 
>n 
s 
0 
i n 
PQ 
a 
+ ,^—«^ 
' 6 0 
6 0 
a 
0 
3 
u 
—< ( N 
-H ON 
OS 
m 
</^  (N 
4? t — 
— 
ON 
CM 
'^ 
0 0 
0 
-H 
0 
0 0 
r<-> 
E 
0 
>n 
m 
+ 
—^^  
— 6 0 
6 0 
E 
0 
0 
3 
U 
0 
i n 
-H 
0 
( N 
'^ 
r-
'^ 
41 
—^' 0 
oi 
m 
( N 
, ', 
HH 
0 
ro 
E 
0 
•n 
0 
+ 
,^ -^  
— 
' 6 0 
6 0 
E 
0 
m 
3 
U 
ON 
r--
•^ 
r-^  
T f 
t^ i 
NO 
NO 
( N 
0 ^ 
>n 
Q 
C/3 
J 
supplemented with different concentrations (50, 100 or 150 mg kg" ) of Cu. 
150 mg kg"' was found most toxic and lowered the NR activity by 33.2% than the 
control. Moreover, the toxicity generated by 50 and 100 mg kg"' of Cu was 
Q 
completely neutralized by the follow-up treatment of EBL (10' M) and partially that of 
150 mg kg"'. The ill effect of 50 mg kg' of copper was completely neutralized by the 
follow-up treatment with GB (50 mM) and partially that of 100 and 150 mg kg''. 
Lipid peroxidation 
As shown in the table 5, the MDA content increased with increasing 
concentrations (50, 100 or 150 mg kg'') of Cu. The maximum increase in the MDA 
contents was noted in the plants raised from the soil administered with 150 mg kg' 
of Cu and the value was 38.2% higher than the control. However, application of 
EBL (10'^  M) or GB (50 mM) in non-stressed plants decreased the MDA content and 
plants treated with EBL had 17.4% lower MDA content, compared with the control. 
Moreover, the application of EBL or GB completely overcame the inhibitory effect of 
Cu (50 mg kg'') whereas, the effect of higher concentrations (100 or 150 mg kg'') of 
copper was partially neutralized by the both EBL (10'* M) and GB (50 mM). 
H2O2 content 
Plants treated with either EBL (10'* M) or GB (50 mM) showed a lower H2O2 
content compared to the control plants (Table 5). However, the level of H2O2 content 
increased in the plants grown in presence of Cu in a concentration dependent manner 
and the maximum level of H2O2 was found in the plants that received highest 
concentration of Cu (150 mg kg''). However, the follow-up treatment of EBL (10'* M) 
to the Cu (50 mg kg'') stressed plant significantly decreased H2O2 content and the 
values reached up to the level of control plants. Moreover, the accumulation of H2O2 
38 
was partially reduced by the follow up treatment with EBL or GB in the presence of 
100 and 150 mg kg"'of Cu. 
Antioxidant enzymes (catalase, peroxidase and superoxide dismutase) 
The data depicted in table 6, showed that the activities of antioxidant enzymes 
(viz. catalase, peroxidase and superoxide dismutase) were increased by the treatment of 
EBL, GB or Cu where the control plants possessed lowest activities of these enzymes. 
The activities of enzymes increased with an increase in the concentrations of Cu. The 
activities of enzymes increased further in the plants supplied with EBL or GB along 
with Cu and the effect was additive. Interestingly, the plants treated with highest 
concentration of Cu (150 mg kg'') in association with both EBL or GB exhibited 
remarkably higher values for catalase, peroxidase, and superoxide dismutase. However, 
the interaction of Cu (150 mg kg"') and EBL (10"^  M) proved best and exhibited the 
highest levels of all the enzymes and the values were higher by 42.4%, 77.9% and 
37.3%, over the respective control for CAT, POX and SOD, respectively. 
Proline content 
The control plants possessed the lowest level of proline. However, the level of 
proline significantly increased with the increasing concentrations (50, 100 or 150 mg 
kg"') of Cu and further increased in the presence of EBL (10'^  M) or GB 
(50 mM) compared with the control plants (Table 7). Moreover, EBL generated 
maximum accumulation of proline in combination with Cu (150 mg kg'') followed 
by 100 mg kg'' of Cu and generated 92% and 80% higher values over the control 
plants. 
GB content in leaves 
Table 7 shows that the plants did not accumulate native GB in the non-stressed. 
GB was also not detectable in the plants treated with EBL and/ or Cu. However, when 
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GB (50 mM) exogenously applied, it was absorbed by plants and increased its content 
to 277 lamol g"'. Moreover, its accumulation was strongly affected by the presence of 
Cu and the maximum accumulation (486 fxmol g") was noted in the plants grown in the 
presence of Cu (150 mg kg'') and exogenously applied GB (50 mM). 
Accumulation of Cu in leaves 
The Cu content in leaves significantly increased with an increase in the 
concentration of Cu from 50 to 150 mg kg''. 150 mg kg"' of Cu generated maximum 
increase of 40%, over the control. However, application of EBL (10'^  M) or GB (50 
mM) decreased the content in the plants raised in the presence of different level of Cu 
(Table 7). EBL and GB both in the presence of lowest concentration (50 mg kg'') of Cu 
decreased the content by 11.7% and 3.3% respectively, compared to 50 mg kg'' of Cu. 
Yield Parameters 
Number of pods plant'' 
The exogenous application of EBL (10'^  M) or GB (50 mM) increased the 
number of pods plant'' but, EBL generated most promising response and increased the 
number of pods by 42.1%, over the control (Table 8). However, the number of pods 
was decreased significantly with increasing concentrations (50, 100 or 150 mg kg') of 
copper and maximum reduction in number of pods planf' was recorded at 150 mg kg"' 
by 42.6% compared with the control. Moreover, the follow up treatment of EBL (10"^  
M) completely overcame the detrimental effect of copper (50 and 100 mg kg'') whereas 
GB (50 mM) regained the loss generated by 50 mg kg'' of copper. 
Number of seeds per pod'' 
The exogenous application of EBL (10'^  M) or GB (50 mM) did not generate 
significant increase in the number of seeds pod''. However, the copper stressed plant 
possessed lower value of number of seeds but maximum value was found in plants that 
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received the highest concentration (150 ing i<:g'') of Cii, and decreased the number of 
seeds per pod by 15.1% compared with the control (Table 8). Moreover, the interaction 
effect of Cu with EBL or GB did not generate any significant effect. 
100 seeds mass 
The exogenous application of EBL (10'^  M) or GB (50 mM) did not generate 
any significant increase in 100 seed mass (Table 8). However, the plants raised in the 
presence of different concentrations (50, 100 or 150 mg kg'') of Cu had reduced seed 
mass but the maximum reduction was found in the plants supplied with 150 mg kg ' of 
Cu (Table 8). Moreover, the toxic effect generated by Cu irrespective of concentrations 
of Cu could not be neutralized by EBL and GB. 
Seed yield plant"' 
The application of EBL (10"^  M) or GB (50 mM) to the foliage significantly 
increased the seed yield planf' by 28.4% and 18.4% respectively, over the control. 
However, the different levels of Cu (50, 100 or 150 mg kg') significantly decreased the 
seed yield planf' and 150 mg kg'' was found most toxic and decreased the seed yield 
by 35.1%, compared with the control. Moreover, the follow up treatment of EBL 
(10'* M) completely overcame the ill effect of 50 and 100 mg kg' of Cu whereas the 
effect of highest concentration (150 mg kg') of Cu was partially neutralized (Table 8). 
On the other hand, GB (50 mM) completely overcame the toxic effect of lower 
concentration (50 mg kg'') and partially that of 100 or 150 (mg kg"') of Cu. 
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DISCUSSION 
CiL, a redox active metal, catalyzes the fonnaticm of hamifiil iiee radicals such 
as hydioj^U peroxyi and alkoxy radicals, which induces lipid peroxidation (Halliwell 
and Gutlaidge, 1984). Accordingly, the activity of mie or more antioxidant enzymes 
(catalase, peroxidase, and superoxide dismutase) generally increases in plants vihaa 
exptased to stress conditions, and this elevated activity is correlated to increased stress 
tolerance. It has also be«i reprated that Cu inoeases the activities of POX (Weda and 
Clijsters, 1996; Teisseire and Guy, 2000; Landbecg and Greger, 2002) and SOD (Luna 
et id., 1994). In present study, severe toxicity ^waptoms indhiced by Inghest Cu 
ONicentration in the soil were linked to a sharp rise in leaf Cu ctmtent (Table 7), 
aoconqmued by oxidative stress as evident from the increase in the level of H2O2 
(Table 5) but the activities of the jsitioxidant enzymes varied differently. Our results 
diowed oihanconent in the acti'taty of antioxidant enzymes (POX, SOD and CAT) 
in mustard plants as the concentration of Cu increased from 50 to 150 mg kg' 
(Table 6). The enzymes, SOD and POX are involved in the detoxificatioa of 
superoxide radical (Qz*) and hydrogen pooxide (H2Q2), req)ectively, thoeby 
preventing the formation of OH' radicals. 
A novel point that emerged in this study is the qiplication of EBL either 
alone <M- as a follow-up treatment to the Cu-stressed plants fiirtfaa- increased the 
level of all of the antioxidant enzymes (POX, SOD and CAT) possibly to improve 
the stress generated by Cu and to increase the resistance capacity of plants (Table 6). 
This data is consistent vnAi the earlior findings that exogenous treatment of BRs is 
effective in stressful as well as in optimal conditions (Sasse, 1997). Other workers also 
reported that that BRs application enhanced the antioxidant enzymes under various 
stresses (Vardhini and Rao, 2003; Ozdemir el ai, 2004; Shahabaz et al.. 2008; 
Zhang et al., 2008) including heavy metal (Cd, Ni, Al and Cu) stress (Hayat el al.. 
2007; Alam et al., 2007; Ali et al., 2008a and b; Fariduddin et al., 2009a), which led to 
mitigation of oxidative stress. The elevation in the activities of antioxidant enzymes 
by BRs is a gene-regulated phenomenon. Effect of exogenous BR could be explained 
by findings of Cao et al. (2005) who studied that det2 Arabidopsis mutant, which was 
blocked in the biosynthetic pathway of BRs exhibited abnormal growth features, which 
could be significantly reverted by the exogenous application of EBL and these plants 
were also resistant to oxidative stress. The enhanced resistance to oxidative stress was 
correlated with a constitutive increase in SOD activity and increased transcript levels of 
defense gene CAT (Cao et al., 2005). Therefore, a possible explanation for the fact that 
det2 mutant exhibited an enhanced oxidative stress resistance is that the long term BR 
deficiency in the det2 mutant results in a constant in vivo physiological stress that, in 
turn, activates the constitutive expression of some defense genes and, consequently the 
activities of related enzymes. It has also been demonstrated that ATPA2 and ATP24a 
genes coding peroxidases were constitutively up-regulated in the det2 mutant of 
Arabidopsis (Goda et al, 2002). The enhanced activities of antioxidant enzymes seems 
to be the result of de novo synthesis and/ or translation of specific genes (Bajguz and 
Hayat, 2009), that resulted in the addition of more strength to stressed plants, to resist 
toxicity generated by Cu. 
Moreover, GB alone or follow up treatment with Cu also enhanced the activities 
of antioxidant enzymes (Table 6). The role of ROS scavenging systems in the GB-
mediated tolerance of plant cells to abiotic stress including heavy metal has become 
more and more important. In vitro studies have demonstrated that GB, by itself, does 
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not have antioxidative activity (Smirnoff and Ciimbes, 1989). Thus, its ROS-
scavenging function must be indirect could be via the induction of the synthesis or 
activation of ROS-defense systems. Exogenous application of GB in transgenic plants 
that accumulated GB has demonstrated that out of 11 genes, seven were up-regulated 
and known to encode proteins that are directly involved in scavenging of ROS. These 
proteins include glutathione reductase (At3g24170), cytoplasmic Cu/Zn superoxidase 
dismutase (Atlg08830), glutathione S-transferase (Atlg02920), peroxisomal Cu/Zn 
superoxide dismutase (At5gl8100), catalase 2 (At4g35090), monodehydroascorbate 
reductase (At5g03630), and ascorbate oxidase (At5g21100) (Einset and Connolly, 
2009). These observations provide strong evidence that ROS-scavenging systems are 
involved in GB-mediated stress tolerance. 
The accumulation of proline, which is synthesized from the amino acids 
glutamate, is an enzyme-regulated process. The enzymes involved in its biosynthesis 
are reported to be elevated under copper stress, whereas those involved in its 
degradation are inhibited (Sumithra and Reddy, 2004). Therefore, the level of proline in 
the plants exposed to copper stress was higher than those of the control (Table 7). 
Moreover, higher proline production has also been correlated with increased metal 
tolerance in a transgenic alga (Siripomadulsil et al, 2002). Exogenous application of 
EBL (10"* M) along with Cu caused an additive effect on the proline content. It may be 
due to the fact that BRs could have activated the enzymes of proline biosynthesis 
(Ozdemir et al, 2004). The application of 50 mM GB to the seedlings fed with Cu also 
resulted in an increase in the proline level (Table 7). This is in agreement with Islam et 
al. (2009a) who demonstrated that exogenous application of GB intensified the 
accumulation of proline in Cd-stressed tobacco cells. Our results show that both GB 
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and EBL modulate the accumulation of intracellular proline and is a prominent 
response that could have protected plants against Cu stress. 
Copper can affect the membrane properties by oxidation of membrane lipids. 
The oxidative stress generated by metals leads to an enhancement in lipid peroxidation. 
A common product of lipid peroxidation is malondilaldehyde (MDA), which is used to 
determine the level of oxidative stress in plant cells (Khan et ai, 2009). Plant cell 
membranes are generally considered as primary sites of metal injury. Therefore, in the 
present study, MDA level increased (Table 5) as concentration of Cu increased in the 
soil, which is in agreement with finding of Chen and Kao (1998) in detached rice 
leaves. However, in our study EBL (10"* M) or GB (50 mM) treatment lowered the 
lipid peroxidation in the Cu stressed plants, suggesting that exogenous EBL or GB 
alleviates oxidative damage (Table 5). The possible mechanism adopted by GB to 
decrease lipid peroxidation can be approached by its involvement in reduced generation 
of ROS and elimination of ROS, directly or indirectly. Improvement of antioxidant 
enzyme activity might increase the ability to eliminate ROS resulting into reduced lipid 
peroxidation. ' 
Photosynthesis is one of the most vital physiological processes contributing 
proper growth and productivity of plants. In present study, the plants developed in the 
soil fed with copper had reduced net photosynthetic rate (Table 2). The inactivation of 
Rublsco by (ribulose-biphosphate carboxylase/ oxygenase), a key-enzyme of Calvin 
cycle and other two accompanying enzymes i.e. carbonic anhydrase (CA) and Rubisco 
activase by copper could lead to decrease in photosynthesis. Carbonic anhydrase (CA) 
catalyzes the reversible inter-conversion of CO2 and HCO3", whose activity is largely 
determined by photon flux density, concentration of CO2, the availability of Zn and the 
genetic expression (Tiwari et al, 2005). At the level of leaf, excess Cu decreased the 
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content of chlorophyll and also altered the structure of chloroplast and thylakoid 
membrane (Bernel et ai. 2004; Yurela, 2005). Therefore, it might be due to 
interference of Cu with the structure and fluidity of plasma membrane, thereby 
reducing the uptake of Zn which is responsible for the expression of genes encoding 
CA protein (Kim et al, 1999). Cu also interfere in the biosynthesis of the pigment and 
protein composition of thylakoid membranes thereby altering the functioning of 
photosynthetic machinery (Maksymiec et al, 1994) accompanied by a increase in 
internal CO2 concentration leading to excess reduction of PSI and depletion of NADP^ 
pools that act as electron acceptor. Under these conditions, O2 can compete for 
electrons for PSI, leading to generation of reactive oxygen species through the Mehler 
reaction (Taulavuori and Taulavuori, 2007). In the present study, the exposure of 
mustard seedlings to Cu significantly decreased the photosynthetic attributes and the 
activity of CA (Table 2, 3 and 4) by the cumulative effect of all these altered processes 
However, the plants developed by follow up treatment with EBL or GB had more 
values of CA, stomatal conductance, internal CO2 concentration (Ci) and water use 
efficiency (WUE) as compared to the Cu stressed plants as a positive correlation has 
been established between activity of CA and PN (Fig. 3a) which in agreement with 
Fariduddin et al. (2004). This might be due to the fact that BRs would have affected the 
synthesis and/ or activation of the enzymes of chlorophyll biosynthesis as well as of 
those associated with photosynthesis e.g., activity of CA (Table 4), consequently 
accelerating the net photosynthetic rate (Table 2). In the present study, treatment of 
EBL had favoured the diffusion of CO2 across the membrane of the chloroplast, which 
is catalyzed by the enzyme CA and finally CO2 is reduced by Rubisco in the 
chloroplast stroma. Thus, increase in the net photosynthetic rate and related attributes 
by exogenous application of EBL might be the result of the activation of the Rubisco 
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(Yu et al. 2004) and / or enhanced activity of CA. This was further corroborated by the 
finding of Yu et al. (2004) who demonstrated that BRs enhanced the activity of 
Rubisco, a key enzyme of photosynthesis and related process in Ciicumis sativus. They 
further proposed that increased CO2 assimilation in Calvin cycle was due to an increase 
in the activity of Rubisco. 
GB also favoured photosynthetic capacity which could be due to stomatal or 
non-stomatal limitations, major controlling factors of photosynthetic rate (Brugnoli and 
Bjorkman, 1992; Athar and Ashraf, 2005; Dubey, 2005). In the present study, an 
increase in stomatal conductance (gs) (Table 3) with an increase in net CO2 assimilation 
rate due to application of GB to the Cu stressed plants suggests that the increase in 
photosynthesis was primarily due to increase in stomatal conductance which paved the 
way for higher diffusion of CO2 diffusion inside the leaf thereby favoring 
photosynthetic rate (Taiz and Zeiger, 2002) and furthermore a positive correlation has 
also been established between gs and PN (Fig. 3b). Thus, stomatal limitation could have 
played a pivotal role in modulating photosynthesis under Cu-stress or exogenously 
applied GB. These results are similar to those of Makela et al. (1998 and 1999) who 
reported that improved salt tolerance by exogenously applied GB in field grown tomato 
was linked with increased net CO2 assimilation rate and stomatal conductance. The 
positive effect of GB on the stomatal conductance under salt stress could be simply 
mechanical, as GB may increase the proportion of bound water in the cell structure 
(Timasheff, 1992) thereby increasing the turgor potential in the stomatal guard cells 
with a subsequent increase in stomatal conductance. The mechanism by which GB 
application reversed the salt induced toxic effects on photosynthesis by improved 
stomatal conductance is yet to be identified (Makela et al., 1998 and 1999; Yang and 
Lu, 2005). Photosynthetic fixation of CO2 was depressed in the plants but improved by 
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application of GB which could have protected the photosynthetic machinery by 
activating the expression of genes for ROS-scavenging enzymes (Table 6), that degrade 
ROS and decrease the levels of ROS in cells, protecting the C02-fixing enzymes 
(Rubisco and Rubisco activase) thereby sustaining the fixation of CO2. 
Photosynthetic inhibition under Cu stress can also be attributed to a decrease in 
chlorophyll content. In the present study, chlorophyll content decreased due to Cu 
stress (Table 2) which is in agreement with previous studies (Xiong et al, 2006; 
Tanyolac et al, 2007; Singh et al., 2007). The decrease in chlorophyll may result from 
chlorophyll degradation and inhibition of chlorophyll synthesis due to Cu-induced 
inhibition of ALA-D (aminolevulinic acid dehydrogenase enzyme) responsible for the 
formation of monopyrrole porphobilogen which is a part of the chlorophyll molecules 
and carotenoids (Femandes and Henriques, 1991). Application of EBL or GB to non-
stressed as well as stressed plants increased the chlorophyll content (Table 2). Thus, 
higher leaf chlorophyll content is one of the additional factors (other than stomatal 
limitations) that may have contributed to a higher photosynthetic capacity in mustard. 
Moreover, this fact yet further strength from the observed positive correlation between 
chlorophyll and PN (Fig. 4). Improved level of chlorophyll by the application of EBL in 
the present experiment is in agreement with the finding of Fariduddin et al. (2009a) in 
Brassica juncea under Cu stress. The reason that seems to be appropriate in defending 
the said observation is impact of BRs on transcription and/ or translation in the 
synthesis of pigments (Bajguz, 2000). 
In addition, chlorophyll fluorescence provides quantitative information about 
efficiency of PSII (Maxwell and Johnson, 2000). The quantum yield of PSII measured 
as Fv/ Fm was significantly reduced due to the imposition of Cu SXTQSS (Table 4). This 
study was in consistent with reports in wheat (Ciscato et al., 1997) and cucumber 
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(Vinit-Dunand et al, 2002). In our study, EBL or GB application to the stressed plants 
regained the loss in Fv/ Fm which indicate that the application of EBL could have 
helped the protection of PSll against over-excitation that could have caused damage to 
the integrity of thylakoid membrane. Earlier studies have also indicated that the 
improvement in photosynthesis by GB in stressed plants was strongly correlated with 
the enhanced efficiency of PSII (Sakamoto et al, 1998; Holmstrom et al, 2000) that 
protects the PSII complex by stabilizing the association of the extrinsic PSII complex 
proteins under salt stress (Sakamoto and Murata, 2002). 
Reduction of nitrate to nitrite catalyzed by nitrate reductase (NR) is considered 
as rate limiting step in the assimilation of nitrate (Campbell, 1999), which eventually 
affects the growth and the organic nitrogen status of the plants. Excess Cu in the soils 
led to significant reduction in activity of NR (Table 5). The decrease in NR activity by 
Cu may be due to its binding with sulfhydryl groups, thus inactivating the enzyme. It 
may also be due to the inhibition and/or metabolic dysfunction of the enzyme protein 
(Hopkins, 1995). Moreover, the metal exert an impact on the activity of plasma 
membrane bound protein (Obata et al, 1996) and the fluidity of the membrane 
(Meharg, 1993), restricting the uptake of nitrate (Harnandez et al, 1996), the substrate 
of NR (Campbell, 1999). However, the application of EBL alone or as a follow up 
treatment with Cu elevated the activity of NR that could be an expression of the impact 
of BRs on translation and/or transcription (Khripach et al, 2003). The other possible 
reason may be the involvement of BRs in elevating the level of NOs" by acting at the 
membrane in NR (Mai et al, 1989). An increase in the NR is in conformity with others 
(AH et al, 2006 and 2007). 
In the present study, Cu toxicity also resulted in a substantial reduction in 
seedling growth in terms of shoot length, leaf area, fresh and dry mass (Table 1 and 2). 
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The significant reduction in the length and biomass of the plant induced by Cu was due 
to inhibition of cell elongation and cell division (Barcelo and Poschenrieder, 2002; 
Ciamporova, 2002) and retardation of cellular processes such as photosynthesis and 
respiration (Marschner, 1995; Prasad and Strzalka, 1999) which led to reduced 
biomass. However, the follow-up treatment of the stressed seedling with EBL or GB 
improved plant growth viz. length, fresh and dry mass, and leaf area (Table 1 and 2). 
BRs generated such a response because of their involvement in cell elongation 
(Catterou et al, 2001) and in the modification and/or manipulation of plasma 
membrane structure/permeability under stress conditions (Hamada, 1986). In addition 
to this, BRs also activate proton pump (Khripach et al, 2003), stimulate nucleic acid 
and protein synthesis (Bajguz, 2000), enzyme activities (Ali et al., 2006) and rate of 
photosynthesis. The combined effect of all these modified process improved the plant 
growth, subjected to Cu stress. Similar responses of BRs were also reported earlier in 
Vigna radiata under aluminium stress (Ali et al, 2008a) and in Brassica jiincea under 
Ni and Cu stress (Alam et al, 2007; Sharma and Bhardwaj, 2007a and b; Fariduddin et 
al, 2009a). Amelioration of the adverse effects of Cu on the growth of Brassica plants 
by the foliar application of GB (50mM) in present observations are consistent with 
earlier findings of other workers that exogenous application of GB resulted in improved 
growth in different crops e.g., Glycine max (Agboma et al, 1997c), wheat (Raza et al, 
2006) and Gossypium hirsutum (Gorham et al, 2000). Exogenously applied GB has 
been shown to penetrate into plant leaves and is readily translocated to roots, meristems 
and expanding leaves (Makela et al, 1996a). Thus, developing and expanding plant 
organs are primarily protected from stress and regained the growth and reproduction as 
plant recover from stress (Smirnoff and Stewart, 1985). Moreover, Makela et al. 
(1996a) have shown that GB remains unmetabolized in the plant tissue for several 
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weeks and acts as an osmoprotectant in the cells (Le Riidulier ct al., 1984 and Mc Cue 
et al, 1990). The increase in fresh and dry mass of plant and leaf area following GB 
treatment could have resulted due to its ability to prevent cellular dehydration and 
maintain turgor pressure and photosynthetic activity under conditions of low water 
potentials (Makela et al, 1996b; Makela et al, 1998). 
The plants raised in soil fed with Cu had reduced yield parameters, including 
number of seeds/pod, 100-seed weight and.seed yield per plant (Table 8). It could be 
attributed due to poor plant growth (Table 1) resulting from lower photosynthesis 
(Table 2) and the availability of nitrate (Chen et al, 2009). However, the application of 
BRs to the stressed and non-stressed plants favoured the net photosynthetic rate (PN) 
(Table 2) (Xia et al, 2009). This statement gets further support from the positive 
correlation observed between PN and seed yield (Fig. 5). Higher PN by EBL could have 
resulted into the availability of more carbohydrates for metabolism and export to the 
sink (Bajguz and Asami, 2005). Moreover, the key enzyme invertase involved in the 
source-sink regulation is also regulated by BRs (Bajguz and Asami, 2005). Therefore, 
directed transportation of photosynthates to the sink in association with induced 
expression of genes encoding enzymes of carbohydrate metabolism (Roitsch, 1999) and 
lowering the process of senescence before and/or after pollination (Zhao et al, 1987; 
Sugiyama and Kuraishi, 1989; Iwahori et al, 1990), could have naturally helped the 
plant in extending the duration of photosynthetically active sites and also to prevent the 
premature loss of flowers and fruits leading to improved seed yield (Table 8). BRs also 
favoured the yield characteristics in Brassicajuncea under Cu stress (Fariduddin, 2002) 
and in Cicer arietinum and Lycopersicum esculentum exposed to cadmium stress 
(Hasan et al, 2008 and Hayat et al, 2010). Improvement in yield has also been 
observed by exogenous application of GB (Makela et al, 1998; Iqbal et al, 2005; 
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Hussain et at., 2008; Iqbal et al, 2008). The accumulation of GB protects the activity 
of enzymes and upholds the structure of cellular membranes for their normal 
performance (Sakamoto and Murata, 2002; Ashraf and Foolad, 2007) and in the 
presence of absorbed GB, translocation of assimilates might be improved from source 
to sink (Nayyar et al., 2005). The exogenously applied GB might contribute to restrict 
cytoplasmic dehydration and maintain turgor in plants (Iqbal et al, 2008) thereby 
maintaining high photosynthetic rate. Thus, increased net photosynthetic capacity could 
have led to improved capability of the plant to allocate more assimilates to developing 
fruits and seeds (Table 8) (Makela et al, 1998). 
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CONCLUSIONS 
The present study revealed: 
1. Out of the three levels (SO, 100 or ISO mg kg' soil) of Cu an>lied to the soil, the 
higjiest conccaitratitHi genoated maximum toxicity. 
2. All tfie morpholi^cal hicmaakers and photosynthetic traits decreased sigqiikantly 
with the increasing concoitration of soil qiplied Cu. 
3. All the morphological biomarkers and frfiotosynihetic traits along with various 
biochemical parameters increased in the plants treated with dther BR (EBL) or GB, 
ova* the control plants 
4. Out of the EBL and GB used in the present study, EBL generated better &voiable 
response. 
5. Toxic effects graerated by the lower cmcentiation of the Cu were completely 
neutralized by tiie follow up a|)plication of dttier EBL or GB whme EBL excelled 
in thdr response dian GB. 
6. Activity of the enzymes (nitrate reductase and carbonic anfaydrase) and the values 
for all the photosynAetic attributes increased by the i^pKcation of either EBL or 
GB alone as foliar spr^ «- as a follow up treatment to |daits developed in presence 
ofCu. 
7. Antioxidant enzymes (catalase, peroxidase and supooxide dismutase) and proline 
accumulaticn increased in re^ XMise to EBL «• GB and / or Cu. Moreover, the 
treatment widi BRs had additive effect. 
8. The yield of the plants decreased significantly in the plants grown in the soil 
supplemented with different levels of Cu. 
9. The yield attributes were improved by the EBL or GB treatment where the 
application of hormone was more effective than osmolyte. 
10. Out of the hormone and osmolyte, foliar spray of 10"^  M of hormone (EBL) as a 
follow-up treatment proved most potent Cu stress alleviator by enhancing 
antioxidant system and osmolyte (proline) which were manifested in improved 
growth, higher rate of photosynthesis, and biological yield of plants. 
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APPENDIX 
PREPARATION OF REAGENTS 
1. Reagents for carbonic anhydrase activity 
LL 0.2 M Cystein hydrochloride 
48 g cystein hydrochloride was dissolved in sufficient DDW and final 
volume was made up to the 1000 cm ,^ by using DDW. 
1.2. Sodium phosphate buffer (pH 6.8) 
27.80 g NaH2P04 and 53.65 Na2HP04 was dissolved separately in 
sufficient DDW and final volume was made up to 1000 cm^ 51 cm^ of 
NaH2P04 and 49 cm^ of Na2HP04 were then mixed to get the required 
solution. 
1.3. 0.2M Alkaline sodium bicarbonate solution 
16,8 g sodium bicarbonate (NaHCOs) was dissolved in aqueous 0.2M 
NaOH solution [0.8 g NaOH (1000 cm^)"'] and final volume was made 
up to 1000 cm^ with DDW. 
1.4. 0.002% Bromothymol blue 
0.002 g of bromothymol blue was dissolved in sufficient DDW and the 
final volume was made up to 100 cm , by usmg DDW. 
1.5. 0.01 NHCl 
0.86 cm^ of pure HCl was pipetted in sufficient DDW and final volume 
was made up to 1000 cm^, by using DDW. 
1.6. Methyl red indicator 
A pinch of methyl red was dissolved in sufficient ethanol and final 
volume made up to 100 cm^ using ethanol. 
2. Reagents for nitrate reductase activity 
2.1. 0.1 Af Phosphate buffer (pH 7.5) 
27.20 g of KH2PO4 and 45.63 g of K2HO4.7H2O were dissolved 
separately in 1000 cm^ of DDW. The above solutions of KH2PO4 and 
K2HPO4.7H2O were mixed in the ratio of 16:84. 
2.2. 0.2MKNO} 
20.20 g of KNO3 was dissolved in sufficient DDW and final volume \vas 
made up to 1000 cm\ using DDW. 
2.3. 5% Isopropanol 
5 cm^ of isopropanol was pipetted into sufficient DDW and final volume 
was made up to 100 cm^ using DDW. 
2.4. 1% Sulphanilamide 
1 g of sulphanilamide was dissolved in 100 cm^ of 3N HCl. 3N HCl was 
prepared by dissolving 25.86 cm^ of HCl in sufficient DDW and final 
volume was maintained up to 100 cm ,^ by using DDW. 
2.5. 0.02% N-1-nepthyl ethylene diamine dihydrochloride (NED-HCl) 
20 mg of NED-HCl was dissolved in sufficient DDW and final volume 
was made up to 1000 cm'', by using DDW. 
3. Reagents for the estimation of lipid peroxidation 
3.1 80% Ethanol 
80 cm^ of ethanol was mixed in 20 cm'' of DDW. 
3.2. 20% Trichloroacetic acid 
20 cm of trichloroacetic acid was mixed in 80 cm of DDW. 
3.3. 0.01 % Butylated hydroxytoluene 
0.01cm"' of BHT was pipetted into sufficient DDW and final volume 
was made up to 100 cm'', using DDW. 
3.4. 0.65% Thiobarbutyric acid 
0.65 g of thiobarbutyric acid was dissolved in sufficient DDW and final 
volume was made up to 100 cm ,^ by using DDW. 
4. Reagents for the estimation of H2O2 
4.1. 50 mM Phosphate buffer (pH 6.8) 
35.6 g of Na2HP04.7H20 and 31.2 g NaH2P04.2H20 were dissolved 
separately in DDW and final volume was made up to 1000 cm^ of 
DDW. The above solutions of Na2HP04.7H20 and NaH2P04.2H20 were 
mixed in the ratio of 49:51. 
4.2. 0.1% Titanium chloride in 20% H2SO4 
0.1 g titanium chloride was dissolved in 20% H2SO4. 
5. Reagents for catalase estimation 
5.1. 0.1 M Phosphate buffer (pH 6.8) 
3.54 g of Na2HP04 was dissolved in 100 cm^ of DDW and 3.72 g of 
NaH2P04 was added to 100 cm^ of DDW. To this 12.3 cm^ of Na2HP04 
was added to 87.7 cm^ of NaH2P04. 
5.2. O.IMH2O2 
0.34 cm^ of H2O2 was added to 100 cm^ of DDW. 
5.3. 2% Sulphuric acid 
2 cm^ of H2SO4 was added to 98 cm^ of DDW. 
5.4. 0.1 N Potassium permanganate 
This was made by dissolving 0.162 g of KMn04 in 500 cm^ of DDW. 
6. Reagents for peroxidase estimation 
6.1. Pyragallol phosphate buffer 
It was prepared by mixing 25 cm of pyragallol in 75 cm phosphate 
buffer (pH 6). 
6.2. Phosphate buffer (pH 6) 
3.54 g of Na2HP04 and 3.72 g of NaH2P04 were dissolved separately in 
100 cm^ of DDW. To this 12.3 cm^ of NaH2P04 was added to 87.7 cm^ 
ofNaH2P04 
6.3 1%H202 
1 cm'' of H2O2 was pipetted into sufficient DDW and final volume was 
made up to 100 cm^ using DDW. 
7. Reagents for superoxide dismutase estimation 
7.1. 50 mM Phosphate buffer (pH 7.0) 
It was prepared by mixing 1.78 g Na2HP04 and 1.56 g of NaH2P04 in 
100 cm of DDW separately and mixing 91.5 cm of Na2HP04 with 8.5 
cm^ of NaH2P04. 
7.2. 13 mM Methionine 
It was prepared by dissolving 0.193 g of methionine in 100 cm^ of DDW. 
73. 75 mM Nitrobluetetrazolium (NB T) 
6.13 mg of NBT was dissolved in lOO cm' of DDW. 
7.4. 2 mM Riboflavin 
0.732 mg of riboflavin was dissolved in 100 cm^ of DDW. 
7.5. O.lmMEDTA 
2.92 g EDTA was dissolved in 100 (-m^ of DDW. 
8. Reagents for proline estimation 
8.1. 3% Sulphosalicylic acid 
3 g of sulphosalicylic acid was dissolved in sufficient DDW and final 
volume was maintained 100 cm'' by using DDW. 
8.2. Acid ninhydrin solution 
1.25 g of ninhydrin was dissolved in a mixture of warm, 30 cm^ of 
glacial acetic acid and 6 M phosphoric acid (pH 1.0) with agitation till it 
got dissolved. It was stored at 4°C and used within 24 h. The 6M 
phosphoric acid was prepared by rfiixing 11.8 cm of phosphoric acid 
with 8.2 cm^ of DDW. 
9. Reagent for glycine betaine estimation 
9.1 2NHCI 
7.3 cm^ of HCl was dissolved in 100 cm^ of DDW. 
IV 
